Scholars' Mine
Doctoral Dissertations

Student Theses and Dissertations

Spring 2020

Stabilization dynamics of the ozone molecular system
Sangeeta Sur

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations
Part of the Chemistry Commons

Department: Chemistry
Recommended Citation
Sur, Sangeeta, "Stabilization dynamics of the ozone molecular system" (2020). Doctoral Dissertations.
2875.
https://scholarsmine.mst.edu/doctoral_dissertations/2875

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

STABILIZATION DYNAMICS OF THE OZONE MOLECULAR SYSTEM
by
SANGEETA SUR
A DISSERTATION
Presented to the Graduate Faculty of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY
In Partial Fulfillment of the Requirements for the Degree
DOCTOR OF PHILOSOPHY
in
CHEMISTRY
2020
Approved by:

Dr. Richard Dawes, Advisor
Dr. Garry S. Grubbs II
Dr. Jeffrey G. Winiarz
Dr. Klaus Woelk
Dr. Yanzhi Zhang

Copyright 2020
SANGEETA SUR
All Rights Reserved

iii
PUBLICATION DISSERTATION OPTION

This dissertation is composed of two articles as follows:
Paper I: Pages 13–46 has been published as “Development of a potential energy
surface for the O3 –Ar system: rovibrational states of the complex”, by Physical Chemistry
Chemical Physics 21(18), 9168, 2019.
Paper II: Pages 47–76 has been submitted as “Rotationally inelastic scattering of O3 –
Ar: State-to-state rates with the MultiConfigurational Time Dependent Hartree method”,
to Physical Chemistry Chemical Physics Journal.

iv
ABSTRACT

The observation of larger-than-expected concentrations of heavier isotopologues of
ozone known as “ozone isotopic anomaly” in the stratosphere is a mass-independent effect
(in contrast to most kinetic isotope effects familiar to chemists) that is traced back to the
recombination process in the formation of ozone in the Chapman cycle. Understanding
the relative efficiencies (often approximated as equal for different isotopologues) of the
stabilization step (some of the details of which are still a mystery) which involves energy
transfer from a highly excited ozone molecule to a third body, M (argon atom in this case)
to form stable ozone is a possible path to insight into the phenomenon.
This research discusses theoretical studies of the energy transfer mechanism of
the stabilization step. A potential energy surface (PES) is constructed with an electronic
structure method that best describes the electronic energy of the O3 –Ar complex as a
function of its geometry, with which the dynamics of this process is studied. Isotopic
substitution of O3 is necessary to study the anomaly. The PESs for the isotopologues:
16 O18 O16 O–Ar

and 16 O16 O18 O–Ar are also constructed by straightforward transformation

of the coordinate system (no new electronic structure data was needed). The spectroscopy
and scattering of 16 O16 O16 O–Ar and its isotopologues are studied using the developed PES
for the complex to gain insight into the process.
There is roughly a doubling of the density of allowed quantum states observed for the
asymmetric 16 O16 O18 O–Ar isotopologue compared to 16 O16 O16 O–Ar and 16 O18 O16 O–Ar
owing to slight change in masses reflecting in the rotational constants, quantum nuclear spin
statistics of bosons and symmetry rules. The total rate for

16 O16 O18 O–Ar

is also higher

than 16 O16 O16 O–Ar due to small changes in the reduced mass of the collision system. With
ozone being formed and destroyed continuously in the stratosphere, a small bias could lead
to the accumulation of a favored isotopologue.
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SECTION

1. INTRODUCTION

This section introduces some aspects of ozone occurring in the atmosphere and the
motivation for the dissertation work. This begins with the chemistry of ozone molecule in
the atmosphere. The concept of isotope fractionation is then introduced. The details of the
ozone isotope anomaly is put forth with the work done over the years concluding with the
motivation of the work of this dissertation.

1.1. THE CHEMISTRY OF OZONE
The chemistry of ozone, a molecule constituted of three atoms of oxygen, is very
complex and endlessly fascinating. It is one of the most important constituents in Earth’s
atmosphere both for its role in a variety of reaction networks and its photophysics which
absorbs UV radiation. Ozone is widely known to be a protector of life. The ozone
layer protects life from the harmful solar UV radiation passing through the stratosphere
(upper atmosphere). The depletion of this layer (especially over the poles) has been a
major environmental concern over the years, but has recently evolved into a rare success
of international cooperation and policy. The stratospheric ozone layer lies between 10
and 50 kilometers above the Earth’s surface. Roughly 90% of total ozone resides in this
region, with a small amount found in the troposphere where it is considered a pollutant.
Over the years, satellites monitored a relative depletion in the stratospheric ozone layer
over the Arctic and Antarctic regions. A major cause for the depletion is the formation of
chlorine monoxide (ClO) upon reaction of chlorine from chlorofluorocarbons (CFCs) with
polar stratospheric clouds, thus catalytically destroying ozone via a well-known reaction
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mechanism. International agreements helped to reduce the atmospheric concentration
of CFCs (used previously as refrigerants and in other applications) as less harmful and
affordable alternatives were developed. Recent studies have shown a fairly rapid recovery
of the ozone layer which otherwise was a big concern for the planet. Depletion of the
ozone layer not only affects human beings by causing diseases like skin cancer, cataracts
and lowering of the response of the immune system [1, 2] but affects the ecosystem, also
including damage to the carbon cycle and food chain in the oceans [3].
Though ozone protects life in the stratosphere, it is a dangerous pollutant in the
troposphere (lower atmosphere) where roughly 10% is present. Volatile organic compounds
react with ozone to form smog causing lung diseases like asthma and bronchitis. It also
contributes to the greenhouse effect and crop damage and is a concern for areas close to
possible wildfires. There is another aspect of ozone, ‘mass independent fractionation’ or
‘ozone isotope anomaly’ which remains to be understood completely. This current work
focuses on this aspect, seeking insight into the fundamental quantum dynamics of this
phenomenon occurring in the atmosphere.

1.2. ISOTOPE FRACTIONATION
Molecules with different isotopic compositions exhibit slightly different chemical
and physical properties. This leads to differentiation of isotopes based on their properties.
This is known as isotopic fractionation. Usually fractionations are mass dependent and
proportional to the difference of the masses of the isotopes. As the relative mass difference in
isotopes are fairly small for elements beyond hydrogen and helium, the significance of these
fractionations lie in their deviation from unity. Isotopic fractionations are conventionally
measured on a δ (delta) scale defined as:
δ = RS /RRM − 1

(1.1)
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Table 1.1. Isotopic composition of oxygen according to National Institute of Standards and
Technology (NIST).
Isotope
16 O
17 O
18 O

Atomic Mass (amu)
Isotopic composition
15.994 914 619 57(17)
0.997 57(16)
16.999 131 756 50(69)
0.000 38(1)
17.999 159 612 86(76)
0.002 05(14)

where RS refers to the isotope-abundance ratio of an element in the sample, S and RRM
refers to the isotope-abundance ratio of an element in the reference material. The delta
value is generally expressed in parts per thousand or in parts per million.
Oxygen is one of the most abundant elements in the Universe. It has three stable
isotopes with isotopic abundancies as shown in Table 1.1.

16 O is formed by helium burning

in stellar nucleosynthesis, whereas 17 O and 18 O are formed by “hot CNO cycles” in H- and
He– rich regions respectively, in both novae and supernovae.[4–6] When these species are
formed at different sites in the solar system, there is a mixing of the planetary materials
leading to the relative isotopic abundances observed in the solar system. This enters the
Earth’s atmosphere through physical and chemical processes occurring in the atmosphere.
Since oxygen has three stable isotopes, this results in two independent delta values. The
ratio of the isotope-abundance in the sample (RS = i O / 16 O where i = 17 or 18) is measured
under precisely the same conditions as that of the reference material, RRM , referred to as
Vienna Standard Mean Ocean Water, VSMOW, which is a mixture of distilled ocean water.
The oxygen-isotope composition in almost all the terrestrial rock samples is very restricted,
found to fall on the terrestrial fractionation line (TFL) which is mass-dependent and has a
slope 0.5 as depicted in Figure 1.1.
Although all terrestrial sources lie on this line, isotopic composition of 17 O and 18 O
varies significantly in meteorites, as observed in the Allende meteorite where δ17 O ≈ δ18 O.
Surprisingly, this behavior is observed in stratospheric ozone also. Isotopic composition of
oxygen in atmospheric species is depicted in Figure 1.2. But along with O3 , other species
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Figure 1.1. The mass-dependent Terrestrial Fractionation Line with a slope of 0.5. Republished with permission of Annual Reviews Inc., from History and Applications of
Mass-Independent Isotope Effects, Mark H. Thiemens, 34, 2006; permission conveyed
through Copyright Clearance Center, Inc.

like NO3 , and stratospheric CO2 also exhibit mass independent fractionation. Recent
studies have shown however, that these other species inherit their unusual fractionations
from reactions and photochemical processes involving ozone.[7–9]

1.3. OZONE ISOTOPIC ANOMALY
Chemically reactive collisions between an oxygen atom and oxygen molecule lead
to the formation ozone. There are several important steps in the process including some
involving UV solar radiation of short wavelength (λ ≤ 240 nm). Overall, neglecting other
side reactions such as the catalytic destruction by CFCs mentioned earlier, the various steps

5

Figure 1.2. Isotopic composition of 17 O and 18 O in atmospheric species. Republished with
permission of Annual Reviews Inc., from History and Applications of Mass-Independent
Isotope Effects, Mark H. Thiemens, 34, 2006; permission conveyed through Copyright
Clearance Center, Inc.

of formation and destruction form a cycle. Chapman proposed a cycle for formation and
destruction of ozone in 1930:[10]
O2 + hν → O + O

(1.2)

O + O + M → O2 + M

(1.3)

O2 + O + M → O∗3 + M → O3 + M ∗

(1.4)

O3 + hν → O2 + O

(1.5)

O3 + O → 2O2

(1.6)
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The formation step in the Chapman cycle is responsible for the mass independent fractionation of ozone observed in the stratosphere. In 1981, Mauersberger observed an unexpected
enhancement of the 50 O3 isotopologue near 32 km during a balloon–borne experiment.[11]
The discovery of high enrichments of ozone in the stratosphere led to efforts to understand
this phenomenon under laboratory conditions. Simple experiments to produce ozone using
electric discharge saw the discovery of anomalous isotopic fractionation of ozone in the
laboratory where the observed enrichment was δ17 O ≈ δ18 O.[12] In 1987, the enrichment
of

49 O

3

was observed to be almost equal to 50 O3 .[13] The equal enrichment of δ17 O ≈ δ18 O

came to be known as the “mass independent fractionation” (MIF) of ozone or the “ozone
isotopic anomaly”. MIF of ozone was initially perceived as a symmetry effect. Statistically mixed enriched O2 was used to generate O3 but equal enhancement of 49 O3 and 50 O3
apart from the largest enhancement observed for the asymmetric isoptopologues over the
symmetric isotopologues suggested this phenomena was not a symmetry effect.[14]. The
enrichments and depletions observed by Mauersberger for all the possible isotopologues
of ozone is shown in Figure 1.3. In the Figure, labels 6, 7 and 8 refer to
18 O

16 O, 17 O

and

respectively. While investigating the individual reaction channels, the kinetic origin of

this phenomenon was discovered. The rate coefficients of all the possible channels were
determined and the isotope selectivity was traced back to the formation process of O3 .[15]
The formation process of O3 :
O2 + O + M → O3 + M ∗

(1.7)

O2 + O → O∗3

(1.8)

O∗3 + M → O3 + M ∗

(1.9)

is a two-step process:

7

Figure 1.3. Observed enrichment or depletion of all the possible ozone isotopologues.
Republished with permission of Annual Reviews Inc., from History and Applications of
Mass-Independent Isotope Effects, Mark H. Thiemens, 34, 2006; permission conveyed
through Copyright Clearance Center, Inc.

In the first step, metastable O3 molecule is formed. The O3 formed is highly excited
rovibrationally. In the next step, also known as the stabilization step, this sufficiently
long-lived (a few hundred picoseconds) excited species collides with a third body, M. If
the collision outcome reduces the energy of O3 to below its dissociation threshold (excess
energy is carried away by M), then it has succeeded to form stable O3 . The stabilization
step is an energy transfer (ET) process, where excited metastable O3 transfers its excess
energy to the inert collider to “cool down” and stabilize, thus forming O3 . If the excited O3
cannot stabilize, it dissociates to O-atom and O2 . In several studies comparing a number
of potentially relevant atmospheric collision partners, the isotope effect has been found not
to depend significantly on the identity of the quencher, M.[16, 17] In the formation step 8,
any isotope of O-atom can combine with any other isotope. Thus, there is a possibility of
36 channels for the formation of O3 . The rate coefficients of all the possible channels were
measured by Janssen [15, 18, 19] and are listed in Figure 1.4.
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Figure 1.4. Measured rate coefficients for 16 O + 16 O16 O + M. The measured rate coefficients
are for the 36 possible channels relative to the standard 16 O + 16 O16 O + M. Republished
with permission of Royal Society of Chemistry, from Kinetic origin of the ozone isotope
effect : a critical analysis of enrichments and rate coefficients, Royal Society of Chemistry
(Great Britain), 3, 2001; permission conveyed through Copyright Clearance Center, Inc.

Shortly after the discovery of the anomalous isotope effect of ozone, models [20–
24] were put forward to explain the effect. Later some deficiencies in the explanations
of these models were evident when the relative rate coefficients became available for the
formation of various ozone isotopologues. The electronic structure of the low lying states
of O3 has been investigated previously [25–27] and also more recently when the most
accurate Dawes ozone potential energy surface (PES) [28, 29] was constructed using ab
initio methods. Several hypotheses were put forward to explain the observed reaction rates.
In 1999, Janssen discovered that the reaction rates for the different isotopic compositions
were mass independent but also correlated with the difference in the zero-point energies
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(∆ ZPE) of the two possible fragments that O∗3 could dissociate to.
X

O + Y O Z O ↔ ( X OY O Z O)∗ ↔

X

OY O + Z O

(1.10)

The exchange reaction (10) is a part of the formation step in 8 in the recombination process
of ozone. O∗3 can be formed from either of the channels on both sides of the reaction and
also decay to either channel. X, Y and Z being used to denote different isotopes of oxygen
leads to a different zero point energies of the O2 on either side of scheme (10). Though the
∆ ZPE is very small (∼ 20 cm−1 ), this leads to the reactions being slightly endothermic or
exothermic. The relative rates of the different isotopic combinations shown in Figure 1.4 are
plotted against the ∆ ZPE of the exchange step 10 as depicted in Figure 1.5. The endothermic
or exothermic reactions depicted by circles are distinguished from the energetically neutral
collisions depicted by squares. The black symbols depict homonuclear diatom collisions
while the white symbols represent heteronuclear diatom collisions. A linear correlation is
observed between the relative rate coefficients of the asymmetric molecules and the ∆ ZPE
of the O2 in the exchange process.
Extensive studies to explain the isotope effect of ozone were performed based on the
Rice, Ramsperger, Kassel, Marcus (RRKM) theory [30–33] led to two factors. The rates of
formation for the asymmetric O3 are explained by the ∆ ZPE effect, whereas the so-called
η effect explains the lowering rates of formation for symmetric O3 . Theoretical treatment
of scattering resonances [34, 35] reveal an increase in the number of vibrational states O3
near the dissociation threshold of asymmetric O3 . This is due to the differences in the ZPE
of the possible channels for asymmetric molecules as represented in Figure 1.6.
The ∆ ZPE is greater than zero due to the difference in the reduced mass of O2
from the two channels. Though some resonances in the “Background” may arise from both
the channels but the ∆ ZPE region contains the most important contributing resonances.
Though stable O3 is formed more than 1 eV below the dissociation threshold in the deep
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Figure 1.5. Relative rate coefficients. The relative rate coefficients are of the different
isotopic combinations versus ∆ ZPE of the O2 . Republished with permission of Royal
Society of Chemistry, from Kinetic origin of the ozone isotope effect : a critical analysis
of enrichments and rate coefficients, Royal Society of Chemistry (Great Britain), 3, 2001;
permission conveyed through Copyright Clearance Center, Inc.

Figure 1.6. The energetics of 16 O + 18 O18 O ↔ (16 O18 O18 O)∗ ↔ 16 O18 O + 18 O. Dotted
line: PES, Solid line: PES+ZPE. Stable bound states of O3 are present in 1 eV potential
well after stabilizing with third body M in the yellow area. ∆ ZPE contains the most
contributing resonances. Faster reactions occur due to larger number of stabilizing states.
Reprinted from Chemical Physics Letters, 372, D. Babikov,B.K. Kendrick,R.B. Walker,R.
Schinke,R.T Pack, Quantum origin of an anomalous isotope effect in ozone formation,
686-691, Copyright (2003), with permission from Elsevier.
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well, the ZPE of the O2 coming from the possible channels matter. However, it is worth
noting that to explain the isotope anomaly of ozone, an analysis of the metastable O∗3 is
required forming from the possible channels. The energy and lifetimes of the quantum
scattering excited resonances above the dissociation threshold can be obtained quantum
dynamically and not via the statistical approach taken previously.
The empirical factor η was introduced by Marcus to explain the lowering of rates
of formation for symmetric ozone. The parameter η, empirically chosen multiplied by the
rate constant reproduced the rates observed in the experiment. However a deviation of
almost 20% was still observed. Though the η effect cannot explain the rates of formation
quantitatively, but it was suggested [31] that symmetry plays a role in the ET mechanism. It
was also suggested that the number of dynamically allowed states in symmetric molecules
is lower than in asymmetric molecules.
A quasi-classical trajectory (QCT) study of the ozone formation process, using Ar
as the inert collider has been performed previously. [36] Quantum mechanical studies [37–
40] of step 9 have been attempted. Due to computational affordability, considering all
the degrees of freedom was too challenging and hence approximations were used. Charlo
and Clary [37, 38] used the frozen-bending approximation for O∗3 and sudden-collision
assumption for O∗3 + Ar reducing the system to two dimensions. They used the time
independent coupled-channel approximation in their study. Ivanov and Schinke [39] also
used the sudden-collision assumption. Xie and Bowman [40] implemented a full quantum
treatment for O∗3 but due to the computational cost had to restrict the studies to only a
few trajectories with different Ar impact parameter and orientations of O∗3 . Later Babikov
used a Mixed Quasi-Classical Treatment (MQCT) [41–44] to study the ∆ ZPE-effect and
η-effect where the rotational and translational motions were treated classically while the
vibration motion quantum mechanically. However, this model was also implemented for
the dimensionally reduced model of ozone.
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1.4. MOTIVATION OF THE WORK
Dynamical calculations require a realistic and global PES. For understanding the
Formation/Recombination process 7, a comprehensive study of steps 8 and 9 is required.
An accurate and global PES of ground state O3 was reported by Dawes [28, 29] with very
good agreement with experimental vibrational levels and accurate dissociation energy. The
vibrational states—up to dissociation—have also been calculated with this PES. [45] The
PES used previously for studying the stabilization step [46] is pairwise additive (a severe
approximation). To study the stabilization process, a realistic and accurate global PES is
the initial requirement.
The main work of the present dissertation can be summarized as:
• Developing the method for the electronic structure for the 6D O3 –M, Ar, in this case,
PES.
• Constructing the PES of 48 O3 –Ar and its isotopologues 16 O18 O16 O–Ar and 16 O16 O18 O–
Ar.
• Studying the effect of symmetry on the rovibrational levels for the

48 O –Ar
3

and its

isotopologues 16 O18 O16 O–Ar and 16 O16 O18 O–Ar.
• Studying the dynamics of the stabilization process of 48 O3 –Ar and its isotopologues
16 O16 O18 O–Ar

anomaly”.

quantum mechanically to get an insight into the “ozone isotope
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I. DEVELOPMENT OF A POTENTIAL ENERGY SURFACE FOR THE O3 –AR
SYSTEM: ROVIBRATIONAL STATES OF THE COMPLEX
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ABSTRACT
The cycle of formation and destruction of ozone is an important process in the
atmosphere. A key step in the formation process is the stabilization of a metastable ozone
molecule, which occurs through energy transfer: usually a highly excited ozone molecule
loses the excess energy through inelastic collisions with a third body (M). However, the
details of this energy transfer mechanism are still not well known and one of the reasons has
been the lack of an accurate potential energy surface (PES). In theoretical studies, Ar is often
selected as the third body when considering O3 –M dynamics. However, electronic structure
calculations have not previously been reported for the complex. In this paper we benchmark
the electronic structure for this system, and present our first steps towards constructing a
fully flexible 6D PES by obtaining a 3D PES in the rigid rotor approximation. For this
purpose, to benchmark the non-bonded interactions, we performed ab initio electronic structure calculations using explicitly-correlated coupled cluster theory extended to the complete
basis set limit (CCSD(T)-F12b/CBS). A multireference-based protocol suitable to describe
the 6D flexible system was developed using the explicitly-correlated multi-reference configuration interaction (MRCI–F12) method. Subsequently, we used the AUTOSURF code to
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construct 3D PESs for each of the two methods with global root mean square errors of less
than 1 cm−1 . The PES is characterized by two equivalent wells on either face of the ozone
molecule consistent with the symmetry of the system. Calculations of the rovibrational
levels for the complex using the Multiconfigurational Time Dependent Hartree (MCTDH)
method provide insight into the states and dynamics of the system. Based on symmetry
analysis, the allowed states and transitions were obtained: the transition frequencies and
calculated rotational constants were then compared with previously reported experimental
measurements. The isotopic effect was also studied using the 16 O18 O16 O and 16 O16 O18 O
isotopologues. Roughly a doubling in the density of allowed states is observed when the
symmetry of the ozone molecule is broken.

Keywords: Potential energy surface, O3 –Ar, L-IMLS method, MCTDH, rovibrational
bound states

1. INTRODUCTION
Ozone is an important constituent of the atmosphere, either as a pollutant in the
troposphere (lower atmosphere) or protecting life from harmful solar UV radiation passing
through the stratosphere (upper atmosphere). In 1930, Chapman proposed a cycle for the
formation and destruction processes:[1]
O2 + hν → O + O

(1)

O + O + M → O2 + M

(2)

O2 + O + M → O∗3 + M → O3 + M ∗

(3)

O3 + hν → O2 + O

(4)

O3 + O → 2O2

(5)
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In addition to the formation and destruction processes listed here, ozone is also involved in
reactive chemistry with many other species.[2–5]
There are three stable isotopes of oxygen in the atmosphere:

16 O

(99.76%),

17 O

(0.038%) and 18 O (0.205%). We will follow a common convention for notation and refer to
isotopologues such as 16 O18 O16 O and 16 O16 O18 O as 686 and 668 respectively. In the early
1980s, Mauersberger [6, 7] and Thiemens et al. [8] observed an enhancement of almost
10% of heavy ozone (in equal amounts of 17 O and 18 O) in the atmosphere (troposphere and
stratosphere). This is known as the “mass-independent fractionation” (MIF) of ozone, or
the “ozone isotopic anomaly.” Further studies to understand the dynamics of this reaction
were reported,[9, 10] but it was not until 1990 that Mauersberger et al. [11–15] measured
experimentally the rate coefficients of all the isotopes, tracing the main contribution to the
anomalous isotopic selectivity to the “recombination process” occurring in step 3 shown
above. The other processes, and in particular the photodissociation of ozone, lead instead
to a mass-dependent fractionation of ozone [16–22]. Mauersberger et al. also observed that
the isotope effect was independent of the identity of the third body M.[23, 24] The third
body M could be any species which could stabilize the sufficiently long-lived rovibrational
metastable states of ozone—i.e., O∗3 in step 3—after collision. The lack of any dramatic
effect of the identity of the third body on collisional energy transfer, including comparisons
between atomic and diatomic colliders, has also been predicted theoretically.[25]
The process of collisional stabilization of O∗3 is influenced by mass, symmetry, and
nuclear spin-statistics.[26] The formation of heavier and asymmetric isotopologues of ozone
is favored over the symmetric lighter ones.[10, 27] To account for the isotope effect, the
combined effect of two relevant factors has been cited as a partial explanation. The “zero
point energy,” or ∆ZPE-effect,[28–31] can account for a clear trend in the formation rates
of the asymmetric isotopologues; while the symmetry influence, or “η-effect,”[32–35] is
the name given to a relative shift in the rates for the symmetric isotopologues. Although
these two effects are not able to perfectly predict the isotope anomaly effect even today,[31]
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it is certainly true that these are important contributions. In particular, it is noted that
there is roughly double the density of rovibrational states observable in asymmetric ozone
compared with symmetric ozone, mainly due to considerations of symmetry and nuclear
spin-statistics. This is similar to the well-known and related case of

16 O

2

(in its ground

electronic state), for which only rotational levels with odd quantum number J exist, whereas
for 16 O18 O all rotational levels exist. This could be highly relevant to the ozone stabilization
process since the density of states can strongly influence inelastic scattering cross-sections
which are often approximated by exponential gap based models.[36–38]
The recombination/exchange reaction can be written as a three step process:

O2 + O + M → O∗3 + M
y

Oz O + x O → O∗3 → x Oz O + y O or
O∗3 + M → O3 + M ∗

(6)
y

O x O +z O

(7)
(8)

As mentioned earlier, the isotope selectivity was traced back to the recombination process
by Mauersberger et al. To explain the ozone isotope anomaly, previous experimental [22, 39,
40] and theoretical [41, 42] studies have focused primarily on the exchange process: step 8.
Studies of the reaction dynamics have focused on the energy transfer (ET) mechanism of
the recombination process since the 1970s. Many explanations based on classical [43–
47] and quantum [48–51] dynamics have been put forward, but a quantitative prediction
of all observed behavior is still missing. Recently, a mixed classical/quantum treatment
approach was developed and also applied to study the ET process in ozone,[52–55] but
again, quantitative agreement is still lacking. Although it is not yet known how sensitive the
dynamics are to the accuracy of the interaction potential with the third body, it is noteworthy
that the potential energy surfaces (PESs) used in previous studies of the ET mechanism
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were pairwise additive,[56] and in addition to the limitations of that simple form, they are
also quite inaccurate in terms of basic parameters such as the well-depth (underrepresenting
the well-depth by more than a factor of four).
In order to fully understand the recombination process, a study of the complete
dynamics (i.e., exchange and stabilization processes) is necessary. The exchange process
has been studied extensively [41] and accurate PESs exist [57, 58] for this step. However, an
accurate PES needed to study the transfer of energy from metastable ozone to the third body
is lacking. The focus of a forthcoming series of papers is studying step 9 and gaining insight
into the recombination process. The first step, that we present here, is the construction of
an accurate interaction PES for this system. The third body M taken here is the argon (Ar)
atom due to its inert nature and comparable mass to that of ozone. Details for the electronic
structure of O3 –Ar and characteristics of the interaction have not yet been reported.
In this paper, we benchmark the electronic structure for the O3 –Ar system in the
rigid rotor approximation, keeping the structural parameters of the ozone molecule fixed
at their equilibrium position. Rovibrational calculations using the Multiconfigurational
Time Dependent Hartree (MCTDH) method were performed using the constructed PESs,
and compared with previously reported microwave experiments. The results from these
calculations confirm the accuracy of the constructed PESs and hence the levels of underlying
electronic structure theory. The PESs for two other isotopologues of ozone (i.e., 686 and
668 O3 –Ar) are also constructed and the rovibrational calculations of the bound states of
the two systems provide valuable insights into their nature.

2. METHOD
Ozone colliding with an argon atom is a 6D problem in full-dimensionality, with
three dimensions coming from the intramolecular coordinates—bond lengths (r1 , r2 ) and
bond angle (α) of ozone—while the other three dimensions come from the intermolecular
coordinates of the system. For the description of the non-bonded interactions between
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two rigid closed-shell molecules, coupled-cluster theory has proven to be straightforward
to implement, robustly convergent, and highly accurate.[59–62] For studies of the spectroscopy and dynamics in vdW clusters, the rigid monomer approximation is remarkably
accurate. This issue was explored systematically by Garberoglio et al. [63] Although in
order to obtain accurate interaction energies basis-set completeness is usually important,
and core-correlation can play a role, only rarely are correlation treatments beyond perturbative triples—such as CCSDT(Q) instead of CCSD(T)—needed.[64] When large amplitude
flexibility of one or more of the interacting fragments is desired, an additional challenge
is presented. A correct description of significant distortions of a molecule may require a
multireference electronic structure method. Although ozone is known for its multireference
character,[65] it is actually reasonably well-described by single-reference methods at the
equilibrium geometry where the T1 -diagnostic is only 0.023. Multireference methods such
as MRCI can be less straightforward to implement, and less robustly convergent, due for
example to issues relating to switches of character and orbitals flipping into/out-of the active
space.[61] In addition, affordable schemes to capture high-order dynamic electron correlation (important for an accurate description of non-bonded interactions) are still lacking for
these methods. For ozone, even with multireference methods, obtaining good convergence
globally has proven to be challenging.[57] It remains to be seen whether it will be possible
to develop a 6D PES that can fully describe all configurations of O2 + O + Ar (including
placing Ar between O2 and O) and hence also investigate the chaperone mechanism,[66] or
if it will be limited to the region of highly excited O3 + Ar, relevant to the collisional stabilization of ozone resonances. In some cases, such as demonstrated in a recently reported
water–argon PES, [67] a work-around is possible. As long as converged (but not necessarily
fully accurate) results can be obtained for distorted geometries using the coupled-cluster
method, then one can subtract out separately calculated energies for the isolated distorted
fragment, adding back in the energy of the fragment obtained from the most accurate available PES, and hence through this difference, obtain accurate interaction energies. In the
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case of water–argon, a reported 6D PES [67] is in a sense the best of both worlds, since
in the interaction region the non-bonded interactions are described at the coupled-cluster
level, but distortions of water are represented by a highly-accurate PES by Polyansky and
Tennyson.[68] Unfortunately, this strategy is not applicable to the O3 –Ar system since
single-reference methods such as coupled-cluster theory fail to converge altogether for large
regions of the coordinate space of the distorted ozone molecule (as does DFT). The plan
here is to benchmark the non-bonded interactions with ozone at its equilibrium geometry
(where the coupled-cluster method is convergent) and then develop a multireference based
protocol that matches as closely as possible. The resulting procedure can then be used to
construct a flexible 6D PES. The initial steps of constructing a 3D interaction PES using
the rigid rotor approximation, where the ozone is kept fixed at its equilibrium position:[57]
r1 = r2 = 1.2717 Å and α = 116.84°, are described in this section.

2.1. REFERENCE FRAME AND COORDINATES OF THE PES
The coordinates used to define the 3D PESs are R, θ and φ; where R represents the
distance between the center-of-mass of the ozone molecule and the argon atom, while θ and
φ represent the spherical angles as shown in Figure 1. The origin of the frame of reference
is at the center of mass of the ozone molecule. A description of the construction of the
PESs in the coordinate range: 2 Å < R < 25 Å, 0 < θ < π, 0 < φ < 2π, is given in the
following sections.
2.1.1. Ab Initio Calculations. The ab initio calculations were performed using
two methods and the MOLPRO [69, 70] package. The first method is explicitly-correlated
CCSD(T)-F12b [71] extended to the complete basis set (CBS) limit. All CBS extrapolations
were performed using the simple l −3 formula.[72] This approach has been used successfully
in numerous studies of spectroscopy and dynamics in van der Waals (vdW) systems,[73–76]
and was used here to benchmark the nonbonded interactions. Generally, as reported previously, explicitly-correlated methods are known to converge rapidly with respect to basis set
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Figure 1. 3D body-fixed coordinate system used to describe the O3 –Ar interaction. The
ozone molecule is fixed in the xz plane. The origin of the frame of reference is at the centerof-mass of the ozone molecule, with the z axis along the symmetry axis. The position of
the argon atom is defined with respect to the center-of-mass by the spherical coordinates
(R, θ, φ).

completeness.[77–79] The basis set convergence progression for the well-depth of the complex is given in Table 1. As mentioned above, the coupled-cluster approach fails to converge
for significantly distorted geometries of ozone, and thus a multireference based approach
was sought. Tests using the MRCI-F12 method [80] and the same VnZ-F12 (n = 2–4)
basis set series [81] were conducted along a series of cuts through the PES and compared
with the CCSD(T)-F12b/CBS results. Even at the basis set limit, and with inclusion of the
Davidson correction, MRCI(Q)-F12/CBS significantly underestimates the O3 –Ar complex
stability (see Figure 2). Moreover, calculations performed without symmetry constraints
and employing the largest basis set were individually rather time-consuming to consider for
the full data set of a global 6D PES. Thus a number of strategies involving scaling the correlation energy (with or without the Davidson correction, or also scaling that contribution)
were tested. Ultimately a fortuitously accurate and cost-effective approach was identified. It
was discovered that for the various test cuts through the PES, simply scaling the correlation
energy (without Davidson correction) using energy contributions obtained using only the
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Table 1. Basis set convergence test of the potential well-depth of the rigid ozone and argon
cluster using the CCSD(T)-F12 method.
Basis
VDZ-F12
VTZ-F12
VQZ-F12
CBS

E (cm−1 )
245.22
238.56
233.25
229.37

smallest VDZ-F12 basis set, could reproduce the benchmark CCSD(T)-F12b/CBS results to
within a few wavenumbers. Furthermore, to four significant figures, the best-fit coefficient
to achieve the scaling was found to be precisely 1.500.
A complete active space self-consistent field (CASSCF) calculation was used as the
reference for the MRCI calculations. O3 –Ar consists of 42 electrons and was treated with
24 occupied orbitals. For the CASSCF calculations a (12e, 9o) active space was specified,
15 orbitals were closed (the 1s and 2s orbitals of O and 1s, 2s, 3s, 2p and 3p orbitals of Ar
were held doubly occupied) while for the MRCI-F12 calculations, only the 8 core orbitals
(1s and 2s for O and Ar) were excluded from the correlation treatment. The procedure for
obtaining the scaled energy used to construct the MRCI-F12 PES is given in equation (10).
It was found that the coupled-cluster CBS limit, ECCSD(T)-F12b/CBS , is well reproduced by scaling the difference between a small-basis MRCI-F12 calculation E M RCI-F12/V DZ-F12 ,
and the corresponding CASSCF reference EC ASSCF/V DZ-F12 (the difference roughly considered as the dynamic correlation energy). The scaling is therefore accounting for the lack
of both high-order correlation and basis set completeness.
ECCSD(T)-F12b/CBS ≈ EC ASSCF/V DZ-F12 + 1.5 (E M RCI-F12/V DZ-F12 − EC ASSCF/V DZ-F12 ) (9)
Remarkably, the scaling factor was determined from only a few test cuts through the PES
(Figure 2).
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Figure 2. Several 1D cuts through the PES including planar and non-planar geometries.
Several angle combinations chosen for determining the MRCI correlation energy scaling
factor (see text) are: θ = 85°, φ = 0°; θ = 160°, φ = 0°; θ = 58.42°, φ = 90°; θ = 110°,
φ = 90°. The blue line represents CCSD(T)-F12b/CBS energies, while the orange line
represents the unscaled MRCI-F12/VDZ-F12 method. Diamond symbols represent the
scaled MRCI method and the points are indistinguishable from the CCSD(T)-F12b/CBS
results on this scale.

As will be seen in the following sections, the complete PES and rovibrational states of the
complex are extremely similar for the scaled MRCI-F12/VDZ-F12 and CCSD(T)-F12b/CBS
PESs.
This is fortuitous and promising for the prospects of constructing an accurate full
6D PES via this approach.
2.1.2. Construction of the PES. After defining the above described schemes for
the electronic structure procedures, the two PESs (MRCI-F12 and coupled-cluster based)
were constructed using the AUTOSURF code.[82, 83] The scaled MRCI-F12 PES (MRCIPES) was constructed first using automatically determined data point locations, beginning
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with a distribution of 1407 ab initio energies placed at symmetry unique geometries in the
close interaction coordinate range: 2 Å < R < 10 Å, 0 < θ < π, and 0 < φ < 2π. The
AUTOSURF code uses the L-IMLS method [82–87] of interpolated local expansions to fit
these electronic energy data into a PES. Generations of automatically determined points
were then added to refine the PES, reaching after several iterations, with 2112 points, a global
root mean square (rms) error of 0.632 cm−1 . In addition to computing the bound states
of the complex reported here, a primary future interest is the study of inelastic collisions
of ozone with the argon atom, for which a PES that extends into the long range (i.e., well
beyond 10 Å) is required. Hence, a long range continuation of the PES was constructed. To
describe the long range, again using the AUTOSURF code, 600 additional ab initio points
were placed in the slightly overlapping coordinate range: 8 Å < R < 25 Å, 0 < θ < π,
and 0 < φ < 2π. When required, a smooth transition from the short-range PES to the
long-range PES is achieved through a switch using a hyperbolic tangent function centered
at 9 Å to connect the two PESs. Thus, using a total of 2712 ab initio points, coverage is
obtained in the broad coordinate range of 2 Å < R < 25 Å, 0 < θ < π, and 0 < φ < 2π.
Similarly, for comparison, a coupled-cluster based PES (CC-PES) at the CCSD(T)F12b/CBS level was also constructed in the same coordinate range of 2 Å < R < 25 Å,
0 < θ < π and 0 < φ < 2π, beginning with the same data point locations. The topographies
of the two PESs turned out to be so similar that no additional automatically generated points
were needed to achieve roughly the same estimated fitting error (in this case 0.614 cm−1 ).
In order to use the PESs to study various isotopologues of ozone, the shift in centerof-mass of the ozone molecule upon isotopic substitution and the associated transformation
of the coordinates was determined. This is very straightforward in the 3D case of ozone
held rigid at equilibrium, where the intermolecular coordinates can be defined relative to
the principal axis frame of each isotopologue. For a flexible 6D PES, making a good choice
of the molecular frame can make dynamics calculations more efficient.[88, 89] In our past
experience, for small distortions of a water molecule, the Eckart frame has proven effective.
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There, in a normal mode description of distortions, only the asymmetric stretch rotates the
Eckart frame. For the large distortions of ozone, and perhaps even dissociation anticipated
in our future studies, it has yet to be determined what the most effective choice of coordinate
representation will be.

2.2. MCTDH CALCULATIONS
The MCTDH method [90, 91] is a highly accurate method to solve the timedependent Schrödinger equation using optimized time-dependent single particle functions
(SPF) represented on a time-independent grid—usually a Discrete Variable Representation
(DVR)—associated with the different degrees of freedom of the system. The calculations
reported here were performed using the freely available Heidelberg MCTDH package. [92]
The total wave function expressed as a sum of products of these SPFs can be written as

Ψ(Q1, · · · , Q f , t) =

n1
Õ

···

j1 =1

nf
Õ
j f =1

f
Ö
A j1 ··· j f (t) φ(κ)
jκ (Q κ , t) ,

(10)

κ=1

where f is the number of degrees of freedom of the system, Q1, . . . , Q f are the nuclear
coordinates, A j1 ··· j f are the MCTDH expansion coefficients and φ(κ)
jκ (Q κ , t) are the SPFs
associated with the κth degree of freedom.
For the MCTDH method to be most efficient, the Hamiltonian operator has to be
expressed in a sum-of-products (SOP) form. The kinetic energy operator used for our
calculations is the same rigid rotor Hamiltonian used[93] previously in a scattering study
of a triatomic molecule–atom vdW system using the MCTDH method. The Hamiltonian is
expressed as:
ˆ ˆ
Ĥ = −1/2µ R δ2 /δR2 + L® R† . L® R /2µ R R2 + T̂O3 + V̂O3 −Ar ,

(11)
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where Ĥ, the Hamiltonian of the triatom–atom system is expressed in the Body-Fixed (BF)
frame. µ R is the reduced mass of the system and R is the distance between the Ar atom and
ˆ
the center-of-mass of the O3 molecule. L® R is the orbital momentum of the system and the
product of the orbital momentum with its transpose conjugate can be expanded as:
ˆ ˆ
ˆ2
ˆ
L® R† . L® R = J®BF
+ L® O2 3,E2 − 2 Jˆz BF L̂O3,z BF − Jˆ−BF L̂O3,+BF − Jˆ+BF L̂O3,−BF ,

(12)

where E2 is the frame of reference described by Gatti and Iung.[94] V̂O3 −Ar is the intermolecular PES presented in the previous section, while T̂O3 is the Kinetic Energy Operator
(KEO) of the molecule.
The KEO for the ozone molecule, when expressed in polyspherical coordinates—as
it is here—is already in a SOP form and can be expressed as:[93]
h
i
ˆ
i ˆ
hˆ
ˆ
T̂O3 = (A+C)/2 L® O2 3,BF + B− (A+C)/2 L® O2 3,z BF + (A−C)/4 L® O2 3,+BF + L® O2 3,−BF . (13)
The frame of reference in this case, has the origin fixed at the center-of-mass of the ozone
molecule, with the z axis passing through the argon atom. The angles αO3 , βO3 and γO3 are
the set of new transformed Euler angles in this frame of reference. The spherical angles, θ
and φ used for constructing the PESs become βO3 and γO3 respectively. The Hamiltonian,
in this case, is represented in Jacobi coordinates. The rotational constants A, B and C used
for the

48 O

3 –Ar

system are 3.55366659 cm−1 , 0.44528320 cm−1 and 0.39475182 cm−1

respectively, [95] while the reduced mass (µ) used is 21.80383583 amu. The fitted PESs
described above are not straightforwardly in the SOP form and therefore were re-expressed.
For low dimensional problems (up to 6D), the potfit algorithm [96, 97] implemented in the
MCTDH package can define an accurate SOP representation efficiently, and was employed
here. Calculations of the rovibrational states were done using the block improved relaxation
method[98–100]. The improved relaxation method is an MCSCF-type approach to solve the
time independent Schrödinger equation. The SPFs associated with the degrees of freedom
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Table 2. Parameters of the primitive basis for the J = 0 calculations. FFT stands for
Fast Fourier Transform, Wigner for Wigner-DVR, and Exp for Exponential-DVR. K is the
momentum representation of the first Euler angle. The distance is in bohr and the angles
are in radian.
γO3
R
βO3
Primitive basis
FFT
Wigner Exp
Number of points
256
37
73
Range
3.0–23.0
0−π
0−2π
Size of SPF basis
50
160

αO3
K
1
0

are optimized by relaxation (i.e., propagation in imaginary time). The Hamiltonian matrix
is then evaluated from the set of current SPFs. The coefficient vector (A) represented in
equation (11), is then obtained from the diagonalization of the Hamiltonian matrix. In the
block improved relaxation method, the propagation of a block of initial vectors converge
together to a set of eigenstates. Hence, this method efficiently obtains several eigenstates
simultaneously.
As shown in Table 1, the parameters for the calculations were selected as follows:
for the radial coordinate, 256 sine DVR points were placed in the range of R = [3, 23] bohr,
while for the angle βO3 37 Wigner DVR functions[101, 102] were used in the [0, π] range; 73
exponential DVR points were used in the [0, 2π] range for γO3 . For the J = 0 rovibrational
calculations, 50 and 160 SPFs were used for the radial (R) and angular parts respectively,
with 8 packets for the propagation, while 50 and 200 were used for the radial and angular
parts respectively for the J = 1–6 calculations. The angular part consists of βO3 , γO3 ,
and αO3 (where αO3 is the momentum representation for a particular state—i.e., for J = 0
calculations, K is 0, while for J = 1 calculations, K is −1, 0, 1). K goes from −J to +J for
the calculations of higher J.
For the 686 and 668 O3 –Ar calculations, aside from the coordinate transformed PES,
all of the parameters are the same except for the rotational constants and reduced mass. For
the 686 O3 –Ar calculations, the rotational constants used are:[95] A = 3.29049897 cm−1 ,
B = 0.44539922 cm−1 , and C = 0.39132965 cm−1 while for the 668 O3 –Ar system,
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Figure 3. Illustration of the symmetry-equivalent wells located on opposite faces of the
ozone molecule.

the rotational constants used are:[95] A = 3.48818517 cm−1 , B = 0.42000833cm−1 , and
C = 0.37400895 cm−1 . The reduced mass (µ) for the 686 and 668 O3 –Ar systems is
22.20843419 amu.

3. RESULTS AND DISCUSSION
The PES for O3 –Ar is characterized by two symmetry-equivalent wells (one on
each opposite face of the ozone molecule) with a benchmark depth of 229.4 cm−1 at the
CCSD(T)-F12b/CBS level. This is illustrated in Figure S3, where the argon atom is shown
in both wells simultaneously (in fact, the rovibrational wavefunctions do delocalize into the
two wells). For the 666 and 686 O3 –Ar complexes, there are two vertical reflection planes
of symmetry (one passing through the three O-atoms, and a second plane perpendicular
to the first, passing through the two wells, or Ar-atom positions in Figure S3), while for
the 668 O3 –Ar complex, due to the skewed shift of the center-of-mass point for the ozone
fragment, only the symmetry plane passing through the oxygen nuclei is preserved.
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Figure 4. R-optimized plots of the fitted PESs. The top plot represents the R-optimized
plot of the fitted CC-PES and the bottom plot represents the R-optimized plot of the fitted
MRCI-PES. For each pair of angles the energy is optimized with respect to the center-ofmass distance R. The blue line represents the energy E0 = −130 cm−1 . Dashed (solid)
contours represent energies below (above) E0 , in 10 cm−1 (5 cm−1 ) intervals.

29
Table 3. Geometric parameters—and energy—for each critical point of the CC and MRCI
O3 –Ar PES. Vmin represents the energy at the bottom of the well. Vbarrier represents the
energy of the barrier—at the transition structure (TS)—between the two equivalent wells.
ZPE refers to the zero-point energy. All distances are in Angströms, angles in degrees, and
energies in wave numbers.
CC-PES
MRCI-PES
Rmin
3.299
3.295
θ min
109.90
110.15
φmin
90.00
90.00
Vmin
-229.64
-229.70
RT S
3.299
3.295
θT S
30.21
31.95
φT S
0.00
0.00
∗
Vbarrier -141.58 (88.06 )
-146.77 (82.93∗ )
∗
ZPE
-162.69 (66.95 )
-163.66 (66.04∗ )
∗ Energy with respect to the global minima of the PES.

Contour plots for the fitted CCSD(T)-F12b/CBS and scaled MRCI-F12 PESs are
shown in Figure 4. Each plot represents the full range of the two angle coordinates and
for each angle-pair point on the plot, the energy with respect to the radial coordinate R
has been relaxed. As mentioned above, it was found to be possible to achieve remarkably
close agreement between the benchmark CCSD(T)-F12b/CBS energies and those obtained
by simple scaling of the correlation energy in MRCI-F12/VDZ-F12 calculations. Indeed,
the well-depths of the fitted PESs are nearly identical (229.64 cm−1 and 229.70 cm−1 for
the coupled-cluster and MRCI based PESs respectively). The rms deviation between the
two PESs—evaluated over the entire grid of 16 471 points plotted in Figure 4—is only
2.72 cm−1 . The equilibrium intermolecular structural parameters, very similar for the two
PESs, are given in Table 3. Perhaps the most significant difference between the two PESs is
the height of the barrier along the relaxed path between the two minima. For the CC-PES,
the height of the barrier between the wells (energy: −141.58 cm−1 ) is 88.06 cm−1 , while

30
for the MRCI-PES, it is slightly less: 82.93 cm−1 . As expected, this difference in barrier
heights does affect the tunneling splittings recorded in the rovibrational calculations of the
complex.
Using the parameters given in Table 1 and in the provided Supporting Information
(SI)—cf. Table S2, rovibrational calculations up to J = 6 were performed using the block
improved relaxation method in the MCTDH code package. The zero point energy was
computed as 66.95 cm−1 and 66.04 cm−1 using the CC- and MRCI-based PESs respectively
(Tables S1 and 4). The low-lying J = 0 vibrational states occur in even/odd parity pairs with
small tunneling splittings. The splitting for the lowest pair of states on the MRCI-based PES
is slightly larger (0.021 cm−1 ) than for the CC-based PES (0.014 cm−1 ) due to the slightly
lower barrier. Only the first even/odd pair of levels is energetically below the barrier between
wells. The next few higher levels do come in even/odd pairs, but delocalize significantly
since they are above the barrier. The splittings become larger and eventually the pairs of
states interpenetrate each other and lose clearly assignable modal character. Nevertheless,
the vibrational levels computed for the two PESs are remarkably similar, agreeing to within
1 cm−1 for all the levels given in Table 4. This confirms the fortuitously close match of the
scaled MRCI method to that of the benchmark CC approach. Table 4 provides a comparison
of the energies and modal assignments for the first 20 vibrational levels of the two PESs.
The modal character for each vibrational level given in Table 4 was assigned by
visual inspection of probability density plots for each state. The quantum numbers ν1, ν2,
and ν3 , listed in the first column of Table 4, represent the number of nodes in the R, θ, and
φ coordinates respectively. The first few states (shown in Figure S4) are straightforward to
assign this way, but the assignment becomes more complicated for higher lying states (as
can be seen in Figure 6).
Rovibrational levels for J = 1–6 were also calculated, and in that range of J, the
vibrational parents were found to be very similar to those of the J = 0 calculations. Due to
the two equivalent wells, and the resulting even/odd parity pairs for each vibrational state,
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Table 4. Vibrational levels for J = 0 for the first 20 states. ∆Energy represents the energy
gap of the levels from the ZPE for the two PESs of 48 O3 –Ar.
ν1 ν2 ν3
000
000
001
001
100
100
010
010
101
011
101
002
011
111
002
111
200
012
102
012

CC-PES
MRCI-PES
Energy (cm−1 ) ∆Energy (cm−1 ) Energy (cm−1 ) ∆Energy (cm−1 )
-162.690
0.000
-163.662
0.000
-162.675
0.014
-163.641
0.021
-134.419
28.271
-135.621
28.041
-134.375
28.315
-135.564
28.098
-131.582
31.107
-132.373
31.288
-131.427
31.263
-132.199
31.462
-123.856
38.834
-125.142
38.520
-122.962
39.728
-124.053
39.609
-115.945
46.745
-118.600
45.062
-114.632
48.057
-117.329
46.332
-113.331
49.359
-115.334
48.327
-112.441
50.249
-114.262
49.400
-109.460
53.229
-111.101
52.561
-107.486
55.204
-108.821
54.841
-105.197
57.492
-106.567
57.095
-104.446
58.244
-105.137
58.525
-103.534
59.155
-104.522
59.140
-102.557
60.133
-104.422
59.240
-100.882
61.807
-101.698
61.964
-100.357
62.333
-100.449
63.213

then prior to considerations of nuclear spin statistics, a doubling of computed rovibrational
levels was recorded. For example, corresponding to the lowest, nodeless vibrational state,
6 levels were recorded for J = 1, and 10 vibrational levels for J = 2. These are simply
the expected 2J + 1 rotational components, but with a separate set associated with each
of the even and odd parity vibrational parents. The computed splitting between each
particular rotational component associated with one particular vibrational parent, and the
corresponding state with the same rotational component, associated with the even/odd
vibrational partner, was found to be nearly identical within each group of states, and in
fact in this range of J, almost exactly that of the J = 0 tunneling splittings. For

48 O ,
3

the tunneling splitting is not directly observable since due to the nuclear spin statistical
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Figure 5. Probability density plots of the lowest (even) 001 state. All distances are in
Angströms, angles in degrees.

Figure 6. Probability density plots of wave functions of mixed states. (a)–(c) represents
101 and (d)–(f) represents 002 . All distances are in Angströms, angles in degrees.

requirements for “identical bosons,” only total wavefunctions that are symmetric upon Oatom exchange are allowed. The result is that for 48 O3 (or the symmetric 686 isotopologue),
only the usual 2J + 1 states exist. However, which particular states are shown to exist (via
symmetry analysis), has fascinating implications for the interpretation of the relationship
between rovibrational transition frequencies and the structure of the complex. It turns
out, as will be detailed next, that the allowed states are distributed across both even/odd
parity vibrational parents, and therefore the rovibrational transitions recorded between those
states include also the tunneling splitting gap, and hence lose their usual precise relation to
structure and moments of inertia. We consider the symmetry of the complex for 666 and
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686 isotopologues using the G4 group. The irreducible representations (irreps) of this group
are A+ , A− , B+ and B− . For the total wave function to be symmetric upon feasible O-atom
exchange, it must be either A+ or A− symmetry. The total wave function is a product of the
electronic, rotational, vibrational and nuclear spin wave functions, and here the electronic
and nuclear spin wave functions are of A+ symmetry. This means that the product of the
symmetries of the vibrational parent and rotational components determine whether the state
is allowed. Collecting the relevant data from the Molecular Spectroscopy book by Bunker
and Jensen [103] (see Table 5), the symmetry for the rotational wavefunction component is
determined based on the Ka and Kc projections. The rotational wave function can combine
with either an odd parity or even parity vibrational level to be an allowed state. The
vibrational contribution is A+ for even parity parents, and B− for odd. Allowed rotational
transitions involve a switch in parity and hence many of the recorded transitions go from
one type of even/odd parent to another (depending also on the symmetry of the rotational
component). For example, the 000 - 110 transition given in Table 6 goes from the lower, even
vibrational parent to the upper, odd vibrational parent and hence that frequency is partly
due to the tunneling splitting between the even and odd vibrational parents. This is also the
case for the 101 - 111 transition, but is not true for the 111 - 110 transition which is between
states that share a vibrational parent. In general, whether or not a given transition is between
different vibrational parents and hence includes a tunneling splitting contribution depends
on the symmetries of the rotational state components given in Table 5 and the corresponding
vibrational parent required to make an allowed state. The remarkable implication of this
is that many of the observed rotational transition frequencies have imbedded in them the
energy of the tunneling splitting between the even/odd vibrational parents, and is not simply
related to moments of inertia and structure. This means that the structure of the complex
can’t be directly inferred from the rotational spectrum. Indeed, while the contribution of the
tunneling splitting is fairly small for the lowest vibrational states, it becomes much larger
for higher states and would lead to absurd naive interpretations of the structure.
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Table 5. G4 molecular symmetry group table for the rotational wave function. o stands for
odd and e stands for even.
G4
A+
A−
B−
B+

E
1
1
1
1

(12)
1
1
-1
-1

E∗
1
-1
-1
1

(12)∗
1
-1
1
-1

| K a Kc >
ee
eo
oo
oe

In 1979, DeLeon et al.[104] studied the microwave spectrum of 48 O3 –Ar, reporting
transition frequencies, and deriving rotational constants and structural parameters of the
complex (without consideration of the implications of the two wells and tunneling splitting).
Their measurements are used to benchmark the calculated values in this study. In our
calculations, transition frequencies were obtained from energy differences between the
allowed states as determined from the rovibrational calculations and symmetry analysis.
The calculated transitions are very close to the experimental ones (see Table 6), validating
the accuracy of the PESs. Although results for the two PESs are very similar, the CC-based
PES produced calculated transitions in slightly better agreement with experiment than those
of the MRCI PES. The rms deviation for the series of transitions reported by DeLeon et
al., computed using the CC-based PES is 0.001 cm−1 , while the corresponding value for
the MRCI-based PES is 0.004 cm−1 . Note that since the tunneling splitting contributes to
the transition frequencies, the level of agreement with experiment can be viewed as partly
related to the different barrier heights between wells in addition to the topography of the
PESs deep in the wells themselves. Overall, the results are viewed as remarkably good for
both methods and confirmation that the derived levels of electronic structure theory provide
a realistic description of this system. Of course it is possible that unanticipated difficulties
will be encountered during construction of a 6D PES.
Since they were reported by DeLeon et al.,[104] we also computed asymmetric top
rotational constants in the same manner, using the transition frequencies (see Table 7). Note
however the above discussion about the impact of the tunneling splitting on the transition
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Table 6. Comparison of observed and calculated transition frequencies(MHz).
Experimental [104]
000 - 110
101 - 111
111 - 110
110 - 202
211 - 312
202 - 303
211 - 303
212 - 211
313 - 312
414 - 413
515 - 514
221 - 220
322 - 321
404 - 414
505 - 515
423 - 422
524 - 523
625 - 624

14632.849
10738.910
231.435
3649.648
11329.240
10970.282
234.635
694.196
1387.972
2312.464
3466.672
3.846
19.215
9748
9229
57
134
267

Calculated
CC-PES MRCI-PES
14593.516 14810.466
10723.942 10923.181
228.897
231.015
3675.739
3844.259
11263.804 11307.305
10911.192 10949.811
273.578
439.276
686.576
693.293
1369.267
1385.487
2286.993
2308.229
3428.408
3460.293
3.753
3.089
18.68
19.122
9739
9929
9225
9411
56
57
131
133
261
266

frequencies and hence the lack of direct geometric interpretations of any derived rotational
constants. Nevertheless, the impact of this on the lowest state was found to be small. The
expectation values of the center-of-mass coordinate R for the lowest rovibrational state
computed on the scaled MRCI- and CC-based PESs are 3.44 Å and 3.45 Å respectively,
compared with the corresponding structural parameter derived by DeLeon et al. of 3.42 Å.
The effect of isotopic substitution on the rovibrational states of the complex was
also studied. Studies of the 686 and 668 isotopologues were performed using the same
PESs, simply by applying the appropriate transformations of coordinates. The geometric
parameters, and energy, for each critical point of all considered isotopologues of ozone
(MRCI O3 –Ar PESs), are given as Supporting Information—cf. Table S1. Compared to
the parent system, the 686 ozone molecule has slightly different rotational constants and
a larger total mass, but follows the same symmetry considerations as described above for
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Table 7. Comparison of the calculated and experimental Rotational Constants. All values
are reported in MHz.
Experimental [104]
A
B
C

12686
1947
1716

Calculated
CC-PES MRCI-PES
12659
12867
1935
1944
1706
1713

the 666 complex, and thus the same pattern of allowed states and transitions. For the 668
O3 –Ar complex, one vertical plane of symmetry is lost, and the coordinate transformation
skews the PES such that the path between wells is different around the two different ends of
the 668 ozone molecule. This can be appreciated in Figure S2 of the SI, where the angle θ
along the lowest energy path near φ = −180°, or 180°, is seen to be significantly different
than at φ = 0°. Due to breaking the symmetry (the two end-O-atoms are distinguishable),
the symmetry number of 668 O3 is reduced to one, and all of the computed states of the
complex are allowed. Considering also the slight increase in system mass, this amounts to
slightly more than doubling the density of states.
The levels for the 686 and 668 O3 –Ar complexes were also computed using the
MCTDH approach and the same parameters (see Table 1). The results are given in Tables S3
and S4 (in the SI) up to J = 6. Corresponding experimental measurements have not been
reported for these isotopologues, but it is safe to assume that accuracy of the calculated
levels is similar to those of the parent 666 O3 –Ar complex.

4. CONCLUSION
The states and dynamics of O3 –M systems are relevant to understanding the collisional stabilization step in the formation of ozone in the atmosphere. Anomalous populations
of heavy isotopologues of ozone in the atmosphere are believed to arise from this step in
the overall cycle of formation and destruction. Here, for M, argon was chosen as the most
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convenient monatomic collision partner. Ultimately, in order to simulate stabilizing collisions with highly excited rovibrational resonance states of ozone (neglecting non-adiabatic
effects), a single fully flexible 6D PES is required. In this paper, as an initial step, we benchmark the O3 –Ar complex stability with O3 held at its equilibrium geometry. A well-depth
for the complex of 229.4 cm−1 was determined at the CCSD(T)-F12b/CBS level and a 3D
PES—describing ozone as a rigid rotor interacting with the argon atom—was constructed
at this level of electronic structure theory. The electronic structure of ozone is complex
and significant distortions of the molecule require a multireference description. Thus, as a
necessary development—looking ahead to the construction of a flexible 6D PES—a multireference MRCI-F12 based protocol was developed that closely matches the behavior of
the CCSD(T)-F12b/CBS benchmark. Using these two PESs, vibrational bound-state calculations were performed for J = 0, and for the lowest vibrational parent state rovibrational
states were computed up to J = 6. A symmetry analysis was performed to determine
the allowed states for the 666, 686, and 668 isotopologues. For the parent 48 O3 –Ar complex, computed transition energies between symmetry-allowed states were compared with
previously reported results of microwave experiments. Remarkably close agreement with
the experimental transitional frequencies and rotational constants was obtained, which is
an important validation of the accuracy of the PESs and underlying levels of electronic
structure theory. The effect of isotopic substitution on this system was also studied. As
expected, moving from 666 to 686 O3 –Ar the density of states increases only slightly due
the mass increase. However, for 668 O3 –Ar the reduced symmetry results in roughly a
further doubling of the density of states. A forthcoming paper explores the impact of the
state densities on the rates of collisional energy transfer and hence the formation rates for
various isotopologues of ozone.
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ABSTRACT
The Chapman cycle describes the various steps in the ongoing formation and destruction of stratospheric ozone. A key step in the formation process is the stabilization of
metastable ozone molecules through collisions with a third body, usually an inert collider
such as N2 or Ar. The “ozone isotopic anomaly” refers to the observation of larger-thanexpected atmospheric concentrations for certain ozone isotopologues. Previous studies
point to the formation steps as the origin of this effect. A possibly key aspect of the ozone
formation dynamics is that of the relative efficiencies of the collisional cooling of different
isotopologues. Although the substitution of low-abundance

18 O

for

16 O

in O3 molecules

corresponds to a relatively small net change in mass, related to this are some subtleties
due to symmetry-breaking and a resulting more than doubling of the density of allowed
states governed by nuclear-spin statistics for bosons. Recently, a highly accurate 3D potential energy surface (PES) describing O3 –Ar interactions has been constructed and used to
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benchmark the low-lying rovibational states of the complex. Here, using this new PES, we
have studied the collisional energy-transfer dynamics using the MultiConfiguration Time
Dependent Hartree method. A study of the rotationally inelastic scattering was performed
for the parent

16 O16 O16 O–Ar

system and compared with that of the

16 O16 O18 O–Ar

iso-

topologue. The state-to-state cross-sections and rates from the 00,0 initial state to low lying
excited states are reported. Analysis of these results yields insight into the interplay between
small changes in the rotational constants of O3 and the reduced mass of the O3 –Ar collision
system, combined with that of the symmetry-breaking and introduction of a new denser
manifold of allowed states.

Keywords: Inelastic scattering, O3 –Ar, Quantum dynamics, MCTDH

1. INTRODUCTION
Mass-independent fractionation of ozone—leading to anomolous column densities
of the heavier isotopologues—is a well-known occurrence consistently observed in the
stratosphere as well as in laboratory experiments.[1, 2] Although this phenomenon has been
the subject of numerous theoretical [3, 4] and experimental [5–7] studies since its discovery
in the 1980s, and several relevant factors have been identified,[8–15] a quantitativelypredictive model for the complete set of isotopic species has been elusive.
Oxygen has three stable isotopes:

16 O, 17 O

and

18 O.

In Earth’s atmosphere,

16 O

is dominant with an abundance of nearly 99.8%, while there is roughly five times more
18 O

than the other trace

17 O

isotope. Thus most ozone is found as the

16 O16 O16 O

parent

species, with trace amounts of the other isotopologues. Following a common convention,
the

16 O16 O16 O

isotopologue will be hereafter referred to as 666, while

be referred to as 686, and

16 O16 O18 O

16 O18 O16 O

will

as 668, etc. In the early 1980s, enrichments of

heavy O3 molecules were observed by Mauersberger [16, 17] in the stratosphere and were
reproduced by Thiemens [18] in the laboratory. These enrichments, defying mass-dependent

49
expectations, are almost equal in

17 O

and

18 O,

and thus came to be known as the “mass-

independent fractionation,” or the “isotopic anomaly effect” of ozone. To gain insight into
this phenomenon, numerous experiments were carried out, and the isotope selectivity was
ultimately traced back to the recombination step [19–23] in the formation process of ozone,
described by the Chapman cycle. [24] The recombination process of O3 is a three-step
process as shown below:
O2 + O + M → O∗3 + M
y

Oz O + x O → O∗3 → x Oz O + y O

or

(1)
y

Ox O + z O

(2)

O∗3 + M → O3 + M∗

(3)

The formation step (1) of the process, involves an O-atom combining with an O2 molecule to
form a rovibrationally metastable O∗3 molecule. To complete the formation, this is followed
by the stabilization step (3), which involves the sufficiently long-lived metastable resonance
state of O∗3 colliding with an inert third body, M, to form stable O3 . The third body, M, is
any encountered inert quencher such as N2 or Ar, the identity of which does not significantly
affect the dynamics of the energy transfer process. [25, 26] In addition to the posssibility of
stabilization via a cooling collision, there is a competing exchange process, step (2), where
the superscripts label the three possible isotopes.
Numerous theoretical studies have investigated both the exchange and competing
formation processes. These include statistical approaches,[12–14] and treatments based
on the differing symmetries and densities of allowed quantum states governed by nuclearspin statistics for isotopologues such as 666 and 668. A number of potentially relevant
factors or explanations have been put forward. Substitution reactions replacing

16 O

with

heavier isotopes are very slightly exothermic due to the changes in zero-point energy. The
dynamics of the metastable resonances (O∗3 ), found to affect the rates of isotopic exchange
reactions, [3] also then affect the competing rates of formation. Many of these factors
can be shown to play a role, but still—as mentioned above—a quantitatively predictive

50
model for all observed abundancies is still lacking. Nonadiabatic effects, with spin-orbit
and derivative couplings between low-lying singlet, triplet, and quintet electronic states
have also been considered; and while not currently held as a leading explanation, have
not been fully discounted (mostly due to the complexity and computational cost of such
simulations). Indeed, direct simulation of the dynamics, even for the exchange processes,
has been hindered by the complexity of ozone’s electronic structure. A spurious barrier in
the entrance channel for approach of the O-atom to the O2 molecule is common to many—
even very high-level—electronic structure methods, and causes large discrepancies in the
rates of exchange computed using these potential energy surfaces (PESs). In the presence
of a spurious barrier in the PES, a qualitatively incorrect positive temperature-dependence
is obtained for the exchange rates, in contrast to the steep negative temperature-dependence
observed experimentally. In addition, the spurious barrier traps spurious Van der Waals
(vdWs) type states near the dissociation limit. These states are physically unrealistic in
character, and thus have hindered insight into the role of high-lying bound and resonance
states in the dynamics governing the exchange and formation processes. Since 2011 the
barrier has been understood to be spurious, [27] and accurate monotonically-attractive PESs
were reported in 2013. [28, 29] Using these PESs key aspects of the exchange processes
(such as the rates and their temperature dependencies) have been reproduced satisfactorily
in several quantum dynamics studies. [3, 30–32]
Of course the formation process, involving a third-body collider, is considerably
more complex. Nevertheless, a significant number of theoretical studies, especially those
by the group of Babikov, have explored the formation steps.[8, 12–14, 33–37] Babikov
has put forth a hierarchy of theoretical models analyzing the underlying systems of kinetics at different levels of sophistication. So far, in all of these models a remaining
assumption/approximation has been that the rates of collisional cooling for different O3
isotopologues are the same. [11] In quantum inelastic scattering studies of small systems,
relevant for instance to the interstellar medium, [38–40] this has frequently been found to
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not be the case. It is noted that there is a more than doubling of the density of allowed
rovibrational states when the symmetry of O3 is broken moving from 666 to 668, owing to
a small degree to the slight mass change, and mostly due to nuclear-spin statistics.[41] Significant changes in scattering cross-sections have been observed upon isotopic substitution,
in some cases where the center-of-mass shift is small, in the absence of symmetry-lowering
and even without significantly different state densities.[39] This could affect the inelastic
collisional cross-sections and corresponding rate coefficients, and thus impact modeling of
the ozone isotopic anomaly.
A major difficulty for studying collisional energy transfer in ozone is again the
lack of an accurate available PES. Direct simulation of step (3) with resonances above the
dissociation limit as the initial states, would require a fully flexible 6D PES, and the quantum
scattering calculations would also be very challenging. Recently, the electronic structure for
the flexible O3 –Ar system (M = Ar for simplicity) has been benchmarked,[42] and a protocol
suitable to construct the full 6D PES was identified. It was also determined that some of
the relevant issues could be explored within the rigid rotor approximation, requiring only a
3D PES. These include symmetry-breaking and the corresponding change in allowed states;
the corresponding shift in center-of-mass and effective skewing of the PES; changes to the
rotational constants of O3 ; and a change in the reduced mass of the collision system. The
rigid rotor approximation simplifies both the PES construction and subsequent scattering
dynamics. Thus a new 3D PES was constructed for the O3 –Ar system employing the derived
electronic structure protocol. Rovibrational vdWs states were computed and reported using
the new PES. Comparisons with microwave experiments confirm its high-accuracy.[43]
In this study, the inelastic collision processes of O3 with Ar have been studied using
a time-dependent quantum mechanical approach. A major concern with fully quantum
approaches is the poor (exponential) scaling of the computational costs with system-size
(dimensionality) and complexity (density of states), which is also known as the “curse
of dimensionality.” Here, the MultiConfigurational Time Dependent Hartree (MCTDH)
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method is used to study the collisional dynamics of this system. This method has been
previously used to study inelastic scattering [44–47] in medium-sized asymmetric top
molecules and is sufficiently efficient to enable the currently reported study.
Inelastic state-to-state cross-sections and rates for the 666 and 668 O3 –Ar isotopologues are reported for collisions from the ground (00,0 ) initial state, to a number
of low-lying excited product states. The results for the two systems are compared and
trends and propensities are identified, some of which are in conflict with the often employed exponential-gap-based model. [48–50] (Note that a simple exponential-gap model,
implemented for this system without any regard or refinements for propensities, would
strongly favor collisional cooling of 668 relative to 666...). Finally, the likely relevance of
isotopologue-specific collisional cooling rates to the observed stratospheric fractionation is
discussed.

2. METHODOLOGY

2.1. REFERENCE FRAME, COORDINATES, AND PES
The coordinates used to define the 3D PES are R, θ and φ; where R represents the
distance between the center-of-mass of the ozone molecule and the argon atom, while θ and
φ represent the spherical angles as shown in Figure 1. The ozone molecule is fixed in the
xz plane, with the origin of the frame of reference at its center-of-mass.
In a previous study,[42] we benchmarked the electronic structure for the O3 –Ar
system within the rigid rotor approximation—keeping the structural parameters of the ozone
molecule fixed at their equilibrium position:[28] r1 = r2 = 1.2717 Å and α = 116.84°. A
well-depth for the complex of 229.4 cm−1 was determined at the CCSD(T)-F12b/CBS level,
and a 3D PES was constructed at this level of electronic structure theory. In anticipation of
a future flexible 6D PES, a multireference-based protocol was also established employing
MRCI calculations for which a procedure of scaling the correlation energy was developed
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Figure 1. 3D body-fixed (principal-axis) Cartesian coordinate system. This is used to
describe the O3 –Ar interaction. Also labeled are the corresponding A, B and C inertial
axes.

and proved to be successful in closely matching the coupled-cluster benchmark. The 3D
PES was constructed using an automated interpolating moving least squares methodology,
which has been recently released as a software package under the name AUTOSURF.[51]
Using a total of 2712 ab initio points, coverage is obtained in the broad coordinate range of
2 Å < R < 25 Å, 0 < θ < π, and 0 < φ < 2π; with a global root mean square error (RMSE)
lower than 1 cm−1 . Rovibrational calculations were performed using the constructed PES
and close agreement with microwave experiments on the O3 –Ar complex was obtained,
which constitutes an important validation of the accuracy of the PES and hence the level
of theory in the underlying electronic structure calculations. In order to use the PES to
study interactions of various isotopologues of ozone with Ar, the shift in COM of the ozone
molecule upon isotopic substitution and the associated transformation of the coordinates
was determined. This permits use of the PES to describe any other isotopologue of ozone
complexed with Ar without performing any additional electronic structure calculations.
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2.2. MCTDH CALCULATIONS
The MCTDH method [52, 53] is a time-dependent approach to solve the Schrödinger
equation. The method may be considered as a time-dependent version of the MultiConfigurational Self-Consistent Field (MCSCF) method,[54, 55] applied in this case to the
nuclei. The complete active space (CAS) of MCTDH is composed of time-dependent
one- or multi-dimensional functions (forming an orthonormal basis set) written as a sumof-products (SOP) of single-particle functions (SPFs). The ansatz of the MCTDH wave
function expressed as a SOP of these SPFs can be represented as

Ψ(Q1, · · · , Q f , t) =

n1
Õ
j1 =1

···

nf
Õ
j f =1

f
Ö
Õ
A j1 ··· j f (t) φ(κ)
(Q
,
t)
=
AJ Φ J ,
κ
jκ
κ=1

(4)

J

where f denotes the number of degrees of freedom of the system, Q1, . . . , Q f denote
the nuclear coordinates, AJ =A j1 ··· j f represent the expansion coefficients, and Φ J are the
products of the SPFs or Hartree products. The optimized SPFs are (time-dependent) linear
combinations of time-independent primitive basis functions associated with the different
degrees of freedom of the system—represented on a Discrete Variable Representation
(DVR) grid. The advantage of this method lies in the smaller number of optimized SPFs
used compared to the number of functions composing the primitive basis. This reduces
the memory and CPU costs of the quantum dynamics calculations. All the calculations
reported here were performed using the freely available Heidelberg MCTDH package.[56]
Inelastic scattering calculations using MCTDH requires certain procedures to be
followed: constructing the Hamiltonian for the system, generating the initial wave packet,
selecting a suitable complex absorbing potential, etc. The required steps have already
been discussed in detail previously,[44–47, 57–59] and in this article only the basics of the
procedure and specific parameters will be described.
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2.2.1. Setting Up the Hamiltonian. The Hamiltonian for the O3 –Ar system is
represented in Jacobi coordinates (cf. Figure 1) as the sum of the Kinetic Energy Operator
(KEO) and the Potential Energy Operator (PEO). Taking the same KEO-representation used
in our previous studies,[42] the Hamiltonian of the system in the Body-Fixed (BF) frame,
Ĥ, is written as:

ˆ ˆ
L® R† . L® R
1 ∂2
Ĥ = −
+
+ T̂O3 + V̂O3 −Ar ,
2µ R ∂R2 2µ R R2

(5)

where R represents the distance between the Ar atom and the center-of-mass of the O3
molecule, and µ R represents the reduced mass of the system. V̂O3 −Ar denotes the interˆ
molecular PES, while T̂O3 represents the KEO of the ozone molecule and L® R denotes the
orbital angular momentum of the system. The product of the orbital momentum with its
transpose conjugate can be expanded as:
ˆ ˆ
ˆ2
ˆ
L® R† . L® R = J®BF
+ L® O2 3,E2 − 2 Jˆz BF L̂O3,z BF − Jˆ−BF L̂O3,+BF − Jˆ+BF L̂O3,−BF ,

(6)

where E2 is the frame of reference described by Gatti and Iung.[60] The KEO for the ozone
molecule, when expressed in polyspherical coordinates—as it is here—is already in a SOP
form; and using the rotational constants for the system (A, B and C) can be expressed as:[59]

T̂O3





(A + C) ®ˆ 2
(A + C) ®ˆ 2
(A − C) ®ˆ 2
ˆ® 2
=
LO3,BF + B −
LO3,z BF +
LO3,+BF + LO3,−BF .
2
2
4

(7)

As in our previous studies, the rotational constants used for O3 in the 666 O3 –Ar system
are:[61] A = 3.55366659 cm−1 , B = 0.44528320 cm−1 and C = 0.39475182 cm−1 , while
the system reduced mass used is 21.80383583 amu. For the 668 O3 –Ar system, the
rotational constants used for O3 are:[61] A = 3.48818517 cm−1 , B = 0.42000833 cm−1 ,
and C = 0.37400895 cm−1 , while the system reduced mass is 22.20843419 amu.
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Table 1. Parameters of the primitive basis for the inelastic scattering calculations of O3 –Ar.
FFT stands for Fast Fourier Transform, Wigner for Wigner-DVR, and Exp. for ExponentialDVR. K is the momentum representation of the first Euler angle. The distance is in Bohr
and the angles are in radian.
R
Primitive basis
FFT
Number of points 768
Range
3.0−45.0
Size of SPF basis 40

βO3
Wigner
41
0−π

γO3
Exp.
41
0−2π
40

αO3
K
21
-10,10

The fitted PES mentioned before is not in a SOP form and therefore needed to be reexpressed to be used straightforwardly with MCTDH. Using the potfit algorithm [62, 63]
implemented in the MCTDH package, the PES constructed with AUTOSURF was refitted
in the SOP form suitable for the inelastic scattering studies. A set of Euler angles (αO3 , βO3
and γO3 ) is defined in the same frame of reference, with the spherical angle θ corresponding
to βO3 and φ corresponding to γO3 . The coordinate-transformed PES corresponding to each
isotopologue was separately expanded in SOP form for convenience. The potfit algorithm
is accurate and efficient for low-dimensional systems, and here the relative RMSE of the
two SOP expansions are each about 0.15 cm−1 . As shown in Table 1, the parameters for
the calculations were selected as follows: for the radial coordinate, 768 sine DVR points
were placed in the range of R = [3, 45] Bohr, while for the angle βO3 41 Wigner DVR
functions[64, 65] were used in the [0, π] range; 41 exponential DVR points were used in the
[0, 2π] range for γO3 . This basis describes rotational states up to j = 40 and thus includes
many closed channels above the processes considered here. The angular part consists of
βO3 , γO3 , and αO3 (where αO3 is the momentum representation for a particular state and K
goes from − j to + j—i.e., for j = 0 calculations, K is 0, while for j = 1 calculations, K is
−1, 0, 1). For the calculations of higher j K is limited to the range of K = [−10, 10], as
shown in Table 1).
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Table 2. C2v molecular symmetry group table for the rotational wave function. o stands for
odd and e stands for even.
C2v
A1
A2
B1
B2

E
1
1
1
1

C2
1
1
-1
-1

σxz
1
-1
1
-1

σxy
1
-1
-1
2

| K a Kc >
ee
oo
oe
eo

2.2.2. Generating the Initial Wave Packet. The wave packet defining the initial
state of the collision system is constructed as a product of a Gaussian function along
coordinate R, and the wave function for the desired initial rotational state of the ozone
molecule. Since the wave packet propagates toward the molecule along R, it was constructed
at large initial separation, outside the interaction region. The Gaussian energy distribution
depends on two parameters. The first is the width of the Gaussian (denoted by σ) and the
second is the momentum of the wave packet. An initial impulsion towards the interaction
region is required for the initial wave packet to propagate. This is defined by the specified
momentum, p. The optimal energy distribution of the Gaussian function, as well as its
initial momentum necessary to sample the range of collision energy of interest, is obtained
using the pledstr program in the MCTDH package. The parameters σ, and p obtained for
O3 –Ar are 0.16 a.u and −13 a.u respectively. The negative sign for momentum indicates that
the wave packet is moving towards the region of interaction from the long-range, starting
at 30 bohr in this case. To construct the initial rotational state for the ozone molecule, a
different Hamiltonian is setup, describing the non-interacting molecule, which is expressed
as
Ĥinit = −

1 ∂2
+ T̂O3 + V̂init (R) ,
2µ R ∂R2

(8)

where V̂init (R) represents the potential energy. The eigenvalues are then obtained by the
diagonalization of Ĥinit . This Hamiltonian is also used to obtain all the product rotational
states after the inelastic scattering.
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Table 3. CS molecular symmetry group table for the rotational wave function. o stands for
odd and e stands for even.
CS
0
A
00
A

E
1
1

C2
1
-1

| Ka >
ee
oo

| Kc >
oe
eo

Ozone is an asymmetric top in its electronic ground state. The rotational energy
levels for the molecule are described by a set of three quantum numbers ( j, Ka and Kc )
and will be referred to using the simplified notation: jKa,Kc .

16 O

and

18 O

are both spin-

zero bosons, and thus the total wave function for any allowed state must be symmetric
upon exchange of any two identical O-atoms. The allowed rotational states for the 666
isotopologue in its ground vibrational state follow the symmetry of the C2v point group
given in Table 2 [66] and are restricted to Ka , Kc being either both even or both odd (see
Table 4). (Note that the allowed rotational states change for odd quanta of excitation in the
asymmetric vibrational stretching mode ν3 ). The 668 isotopologue has the reduced CS point
group symmetry for which all rotational states are allowed (see Table 3). All states have
spin function weights of (2I + 1)(I + 1) = 1. The block improved relaxation method[67–69],
which is a time-independent MCSCF-approach to solve the Schrödinger equation, was used
to compute the eigenstates of the system. The obtained low-lying rotational energy levels
for the 666 and 668 O3 –Ar systems are shown in Table 4.
2.2.3. Parameterization of the Complex Absorbing Potential. To avoid nonphysical reflections at the grid boundaries as the wave packet approaches the edges of the grid,
a complex absorbing potential (CAP), which is an imaginary negative potential, is used to
absorb the wave packet. A suitably optimized CAP should smoothly absorb the wave packet
without producing nonphysical reflections. The CAP can be expressed as −iW, where W
can be expanded as:
W( χ) = η| χ − χc | b Θ( χ − χc ) ,

(9)

59
Table 4. Rotational energy levels (in cm−1 ) for 666 and 668 O3 –Ar systems.
jKa,Kc
00,0
10,1
11,1
11,0
20,2
21,2
21,1
22,1
22,0
30,3
31,3
31,2
32,2
32,1
33,1
33,0
40,4
41,4
41,3
50,5
51,5
51,4

666
0.00000
3.94842
2.51951
5.72955
15.05531
8.02189
17.57481
33.24343
8.39126
11.78454
15.35141

668
0.00000
0.79402
3.86219
3.90819
2.38154
5.40423
5.54223
14.74676
14.74727
4.76154
7.71696
7.99296
17.12881
17.13138
32.58501
32.58501
7.93248
10.80002
11.25999
11.89232
14.65290
15.34279

where Θ is the Heaviside step function ( χc being the starting point), η is the strength of the
CAP and b is the order. To optimize the CAP parameters in the energy range of interest for
the scattering, the plcap program of the MCTDH package is used. The optimized CAP
parameters for the 666 and 668 O3 –Ar systems are given in Table 5.
2.2.4. Wave Packet Propagation. The next step in the calculation is the wave
packet propagation. Calculations were setup for total angular momentum (Jtot ) ranging
from 0 to 200. Initial tests were performed with 666 O3 –Ar to confirm the convergence
of the CAP as well as the SPF bases. After having confirmed all parameters, propagation
calculations were setup and performed for both 666 and 668 O3 –Ar using the same set of
parameters, except for small changes in the reduced mass, rotational constants, and CAP
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Table 5. Parameters of the CAP selected for the inelastic scattering calculations of the 666
and 668 O3 –Ar systems.
666
668

χc (Bohr)
η (a.u.)
32.0
1.06551 × 10-8
32.0
1.06635 × 10-8

b
4
4

coefficient η. The primitive and SPF bases selected for the scattering calculations are given
in Table 1. This basis is generously complete for the energy range selected for the scattering
studies, up to 700 cm−1 (staying below the bend vibrational mode of the molecule). This
was confirmed through convergence tests for the SPF basis for Jtot = 0 while comparing the
flux with the energy distribution for a wide range of energy, as depicted in Figure 2. The
best chosen SPF should be the one which has flux closest to the Gaussian energy distribution
for the system.
The energy range used in this study is [0.001, 0.087] eV. Correct performance of the
CAP was confirmed by analyzing the time of completion of the propagation. For smaller
Jtot , the wave packet took longer to be absorbed by the CAP compared to the same fraction
of the wave packet being absorbed for larger Jtot . Convergence was confirmed for the
SPF basis. For the basis to be deemed satisfactory, the population of the least populated
natural orbital was monitored. For values of Jtot less than 10, the smallest population was
consistently below 10−4 , while for larger values of Jtot , it remained below 10−5 . Another
test for convergence of the SPF basis was performed by further increasing the SPF basis
for the calculation of a Jtot in the lower energy region and checking the convergence of the
probabilities of the transitions. The populations of the calculations for various SPFs as a
function of time for Jtot = 25 for the two systems are provided in the Supporting Information
(SI).
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Figure 2. For Jtot = 0, flux as a function of energy for various size of the SPFs
(R:βO3 ,γO3 ,αO3 ). “Energy Dist.” denotes the energy distribution for the system.

3. RESULTS AND DISCUSSION

3.1. TRANSITION PROBABILITIES
The energy range used for the wave packet propagation calculations was [0.001, 0.087] eV,
staying just below the fundamental vibrational frequencies for

48 O

3

of 1135 cm−1 (a1 ),

716 cm−1 (a1 ) and 1089 cm−1 (b2 ).[70] In fact, the focus here is on the lowest-lying rotational states and the vibrational product channels are considered closed. The range of total
angular momentum considered was Jtot = 0–200. As was done in previous studies, it was
found that results for many values of Jtot could be reliably obtained by interpolation. The
smallest values of Jtot required more SPFs and longer propagation times, and having crosssections with more complicated structure, were therefore sampled more densely, while the
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largest values of Jtot require fewer SPFs, complete more quickly, and can be more sparsely
sampled. Propagations were performed for Jtot =[0–5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
60, 70, 80, 90, 100, 120, 140, 160, 180, 200]. Following the propagations, analysis was
performed to obtain the state-to-state probabilities using the Tannor and Weeks[71] method
(deemed to be more accurate for the low energies in this application than the alternative fluxbased approach). Results for intermediate values of Jtot were estimated by interpolation.
The interpolations were done very carefully and compared with the computed probabilities
(provided in the SI).

3.2. CROSS-SECTIONS AND RATE COEFFICIENTS
Given the probabilities, the inelastic cross-sections for the two isotopologues were
calculated from the weighted sum of the probabilities using the relation:
jl
σj0 l0 (E)

∞
Õ
 Õ Jtot
π~2

2Jtot + 1
P jl← j0 l0 (E) ,
=
2µ R 2 j0 + 1 Ecoll J =0
K

(10)

tot

where for the collision system, the orbital angular momentum quantum of O3 is expressed
as j, K is its projection along the Space-Fixed axis, and l is an index running from − j to + j.
Here, we have replaced l by Ka Kc , where Ka and Kc are respectively the projection of the
molecular orbital angular momentum along the Body-Fixed (molecular) axis in the prolate
and oblate limits. The Ka and Kc values range from − j to + j. The derived cross-sections
include summation over all the degenerate projections of the angular momentum K. Ecoll
denotes the collision energy, which is the difference between the total energy E and the
internal energy of the initial rovibrational state.
The manifold of rotational states for 668 (see Table 4) is slightly more than twice
as dense as that of 666. This is due mainly to the introduction of allowed states with Ka ,
Kc = eo, or oe (cf. Tables 2 and 3), which doubles the number of such states. Furthermore,
the slight mass-induced change in the rotational constants slightly contracts the entire ladder
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of states so that corresponding states for 668 are found at slightly lower energies than for
666. For example, the gap of 3.94842 cm−1 between states 00,0 and 11,1 for 666 is reduced
to 3.86219 cm−1 for 668. 668 also sees the appearance of the 10,1 (Ka Kc = eo) state at
0.79402 cm−1 , which is not allowed for 666.
The cross-sections obtained for the collision-induced transitions from the ground
state to low lying rotational states are represented in Figure 3 for 16 O16 O16 O and Figure 4
for

16 O16 O18 O.

All states with j = 0–3 as well as some additional states with j = 4, 5

(those found below 20.0 cm−1 ) were included as product-channel states. The left-side panel
for each of Figures 3 and 4 plots the cross-sections on a linear-scale against the collision
energy on a log-scale. For the lowest states, this shows clearly the energy threshold of each
cross-section, matching the rotational energies given in Table 4. The linear-scale for the
cross-sections in the left-side panels highlights the dominance of the 00,0 → 20,2 transition.
The right-side panels of Figures 3 and 4 plot the cross-sections on a log-scale against the
collision energy on a linear-scale. This obscures the threshold origins, but better illustrates
the relative magnitudes of the less dominant transitions. It is clear from these figures that
there is a strong propensity towards ∆ j = 2 transitions, especially those to states with pure
C-axis projections ( jKa,Kc , with Ka = 0 and Kc = j), e.g. 20,2 and 40,4 . The classical
visualization of this involves a cartwheeling motion of the O3 molecule.
Figure 5 compares the cross-sections for transitions to j0,Kc (Kc = j) states for both
666 and 668. 668 has the allowed 10,1 , 30,3 , and 50,5 states in addition to the 20,2 and 404
states found in 666. The asymmetry in the PES introduced by the shifted center-of-mass
in 668 governs the odd ∆ j transitions to those states. This comes at the expense of the
evenness of the PES which governs the even ∆ j transitions to these states in both systems.
The shift in center-of-mass is slight and so—as seen in the figure—for 668 the even ∆ j
transitions, though slightly reduced compared with 666, are still dominant. Within the sets
of even or odd ∆ j transitions, as expected, cross-sections decrease for larger changes in j.
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Figure 3. Inelastic cross-sections for allowed transitions from 00,0 to low lying states for
Panel at left uses a log-scale for the collision energy to highlight the
threshold behavior. Panel at right uses a log-scale for the cross-sections to highlight the
behavior of the weaker transitions.

16 O16 O16 O–Ar.

Figure 4. Inelastic cross-sections for allowed transitions from 00,0 to low lying states for
Panel at left uses a log-scale for the collision energy to highlight the
threshold behavior. Panel at right uses a log-scale for the cross-sections to highlight the
behavior of the weaker transitions.

16 O16 O18 O–Ar.
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Figure 5. Comparison of transitions to j0,Kc (Kc = j) type states for 666 and 668. The
solid lines represent the states for 666 and the dashed lines represent the states for 668. The
perfect evenness of the PES for 666 is broken in 668 and the corresponding cross-sections
are slightly reduced. On the other hand, in 668, states with odd values of j become allowed
and make contributions not seen in 666.

The rate coefficients can be obtained by integrating the inelastic cross-sections using:
∫
q
4
k jKa ,Kc (E) = 8β /π µ R β

0

∞

dEcoll e−βEcoll Ecoll σjKa ,Kc (E) ,

(11)

where β=1/k BT, k B is the Boltzmann constant. The inelastic rate coefficients for the 666
and 668 isotopologues are presented in Tables 6 and 7.
Here we discuss the temperature dependance of the rates. The propensities are most
easily appreciated in the 668 results since all states are allowed. Three panels of Figure 6
plot the temperature dependance of the rates for transitions from the 00,0 state of 668 to
product states with j = 1, 2, and 3 respectively. As expected from the cross-sections, the
rate for the 00,0 to 20,2 transition is by far the largest across the full temperature range of
5 K to 200 K. For the odd ∆ j transitions, lacking the one dominant process seen in the even
∆ j transitions, at the lowest temperatures the rates for transitions to j0,Kc (Kc = j) states are
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Table 6. The inelastic collisional rate coefficients of various transitions for 16 O16 O16 O–Ar
as a function of temperature.
Transition
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0

→ 11,1
→ 20,2
→ 21,1
→ 22,0
→ 31,3
→ 32,2
→ 33,1
→ 40,4
→ 41,3
→ 51,5

5K
3.62(-12)
4.55(-11)
1.06(-12)
8.11(-14)
1.40(-12)
2.47(-14)
1.87(-16)
2.76(-12)
1.65(-13)
1.49(-13)

Rate coefficients (cm3 s−1 )
10K
25K
50K
100K
6.89(-12) 1.22(-11) 1.43(-11) 1.38(-11)
6.75(-11) 9.47(-11) 1.04(-10) 1.11(-10)
2.83(-12) 5.45(-12) 6.15(-12) 5.61(-12)
8.61(-13) 3.61(-12) 5.66(-12) 6.99(-12)
5.40(-12) 1.48(-11) 2.12(-11) 2.39(-11)
3.39(-13) 1.68(-12) 2.91(-12) 3.84(-12)
2.31(-14) 4.97(-13) 1.46(-12) 2.61(-12)
9.68(-12) 2.30(-11) 3.07(-11) 3.71(-11)
1.14(-12) 3.95(-12) 5.52(-12) 5.53(-12)
1.50(-12) 6.24(-12) 1.00(-11) 1.26(-11)

200K
1.28(-11)
1.25(-10)
4.51(-12)
8.39(-12)
2.29(-11)
4.71(-12)
3.74(-12)
4.59(-11)
4.33(-12)
1.44(-11)

Table 7. The inelastic collisional rate coefficients of various transitions for 16 O16 O18 O–Ar
as a function of temperature.
Transition
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0
00,0

→ 10,1
→ 11,1
→ 11,0
→ 20,2
→ 21,2
→ 21,1
→ 22,1
→ 22,0
→ 30,3
→ 31,3
→ 31,2
→ 32,2
→ 32,1
→ 33,1
→ 33,0
→ 40,4
→ 41,4
→ 41,3
→ 50,5
→ 51,5
→ 51,4

5K
6.39(-12)
2.52(-12)
3.37(-13)
4.23(-11)
9.30(-13)
4.29(-13)
1.35(-14)
4.83(-14)
1.79(-12)
1.18(-12)
2.29(-13)
1.43(-14)
1.52(-14)
1.36(-16)
7.21(-17)
1.70(-12)
2.18(-13)
9.57(-14)
1.69(-13)
8.46(-14)
2.24(-14)

Rate coefficients (cm3 s−1 )
10K
25K
50K
100K
7.65(-12) 8.96(-12) 8.22(-12) 6.70(-12)
4.62(-12) 8.11(-12) 9.80(-12) 1.01(-11)
7.19(-13) 1.32(-12) 1.43(-12) 1.14(-12)
6.53(-11) 9.19(-11) 9.96(-11) 1.04(-10)
2.39(-12) 5.19(-12) 6.41(-12) 6.15(-12)
1.28(-12) 3.00(-12) 3.75(-12) 3.85(-12)
1.56(-13) 7.23(-13) 1.10(-12) 1.13(-12)
4.71(-13) 2.14(-12) 3.75(-12) 5.14(-12)
4.15(-12) 7.66(-12) 8.52(-12) 8.06(-12)
3.93(-12) 1.02(-11) 1.45(-11) 1.67(-11)
8.44(-13) 2.00(-12) 2.34(-12) 1.99(-12)
1.96(-13) 9.92(-13) 1.77(-12) 2.54(-12)
2.25(-13) 1.07(-12) 1.64(-12) 1.91(-12)
1.51(-14) 3.13(-13) 1.01(-13) 2.08(-12)
8.49(-15) 1.57(-13) 3.74(-13) 4.74(-13)
5.85(-12) 1.43(-11) 2.03(-11) 2.65(-11)
1.19(-12) 3.77(-12) 5.42(-12) 6.09(-12)
6.40(-13) 2.28(-12) 3.33(-12) 3.62(-12)
1.18(-12) 4.19(-12) 6.23(-12) 7.28(-12)
8.15(-13) 3.50(-12) 5.72(-12) 7.40(-12)
2.70(-13) 1.19(-12) 1.70(-12) 1.65(-12)

200K
5.54(-12)
1.01(-11)
7.17(-13)
1.16(-10)
5.21(-12)
3.71(-12)
8.78(-13)
6.86(-12)
7.53(-12)
1.63(-11)
1.36(-12)
3.53(-12)
2.08(-12)
3.27(-12)
4.53(-13)
3.54(-11)
6.14(-12)
3.21(-12)
7.51(-12)
8.79(-12)
1.23(-12)
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Figure 6. Rate coefficients for the 666 and 668 system. Three panels show the detailed rates
for ∆ j = 1–3 transitions in the 668 isotopologue. A fourth panel (bottom-right) combines
the results for the sparser set of low-lying states in 666.

largest, but are overtaken at high temperature by rates to states with j1,Kc (Kc = j). For 666
(also shown in Figure 6), the results are quite similar although half the states are missing
and the rate of state-changing collisions is dominated by transitions to the j0,Kc (Kc = j)
states.
Given the state-to-state rates for the 666 and 668 isotopologues, it is of interest to
determine whether or not the total rate of state-changing collisions is generally larger for
668, possibly playing a role in enhancing the stabilization of 668 during ozone formation,
and thus contributing to the observed ozone isotopic anomaly discussed in the Introduction.
Of course the relevant process of collisional stabilization in the stratosphere involves highly
excited resonance states of (O∗3 ), but the effects of symmetry breaking and increased state
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Figure 7. The total rate of state-changing collisions from the 00,0 ground initial state to low
lying states (including all product channels for j=0, 1, 2, 3 upto 20 cm− 1) is compared for
the 666 and 668 isotopologues as a function of temperature. The 668 isotopologue is seen
to undergo inelastic collisions at a slightly higher total rate (see text).

density are still applicable. In Figure 7, by combining all of the rates for each system
(from the initial state to all product channels), the total rate of state changing collisions
is compared for 666 and 668. It is important to note the behavior of the temperature
dependance of individual state-to-state rates shown in the previous figures. Generally, at a
temperature corresponding to collision energies exceeding the energy threshold for a given
transition, there is a rapid initial rise in the rate, which typically then levels off and perhaps
drops at higher temperatures. Since results were only obtained here for a complete set
of product states up to 20.0 cm−1 , the relative total rates can only be rigorously assessed
at the lowest temperatures, since at higher temperatures missing product channels become
important. Indeed, for temperatures up to 25 K, for which a complete set of product channels
is included, the total rate of state changing collisions is about 5–7 % larger for 668 than
for 666. This is significant and on the order of the isotopic enhancements observed in the
stratosphere. As has been pointed out previously, since ozone is continuously destroyed and
then regenerated, even a small bias can lead to accumulation of the favored isotopologues.
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4. CONCLUSION
A possible key to understanding the ozone isotopic anomaly in the atmosphere, is
understanding the relative efficiencies of the stabilization step for different isotopologues
in the formation process of ozone. Stabilization involves the collisional cooling of a rovibrational resonance state from above the dissociation threshold, into the manifold of bound
states. Current models approximate the cooling efficiencies for different isotopologues
as equal. Direct simulation of these quantum scattering processes would be exceedingly
demanding computationally and require a fully flexible 6D PES.
Asymmetric heavy isotopologues such as

16 O16 O18 O

(668) have more than twice

the density of states as the parent 16 O16 O16 O (666) isotopologue mainly due a doubling of
the number of states allowed by nuclear spin statistics for bosons, and to a small extent,
the mass-related changes in rotational constants. The increased state density is found
throughout all of the bound states and not just those near dissociation. Benchmark studies
in atom-diatom systems have found significantly different scattering dynamics upon isotopic
substitution for precisely these reasons. Qualitative aspects of the symmetry-breaking and
changes in allowed-state densities are similar for 667 and 668, and thus assigning some
importance to collisional cooling efficiency is consistent with the largely mass-independent
nature of this phenomenon for various isotopologues.
In this study, we have compared the state-to-state scattering cross-sections and rates
between low-lying states for rotationally inelastic collisions between two isotopologues of
ozone (symmetric 666 and asymmetric 668) and argon atom. The fully quantum timedependent MCTDH approach was employed for the scattering calculations, using our new
highly accurate 3D (rigid rotor) PES. It was found that the strong propensities for ∆ j = 2
transitions in 666, governed by the evenness of the PES, are relaxed somewhat in collisions
with the 668 isotopologue as the symmetry of the PES is slightly broken and newly allowed
states become available as product channels. Comparing the total rate of state-changing
collisions for 668 with 666, it was found that the total rate for 668 is indeed about 5–
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7 % larger. Some of this difference might be attributable to the small change in the
reduced mass of the collision system for heavier isotopologues. Since ozone is destroyed
and then regenerated many times through the Chapman cycle, even a small bias can lead
to accumulation of the favored isotopologues. It is of interest in future work to include
the differing collisional efficiencies in kinetic models. It is also desirable to extend the
collisional studies into the more relevant high-lying states. The stratospherically relevant
dynamics of interest here are de-excitation, the rates of which are connected (to excitation
rates) through the principle of detailed balance. The cost of performing rigorous quantum
scattering calculations for O3 –Ar is still quite high. Another avenue of research currently
underway is to study the dynamics of collisions for O2 –Ar, comparing
16 O18 O–Ar and 18 O18 O–Ar.

16 O16 O–Ar

with

Those calculations are much more affordable despite the slight

added complexity of the fine-structure introduced by the triplet spin-state. Many of the same
factors are relevant since asymmetric isotopic substitution in O2 also shifts the center-ofmass, breaking the evenness of the PES, and roughly doubles the density of states. There it
will be affordable to analyze both excitation and de-excitation processes from a wide variety
of initial states. It will be particularly important to understand the differences in dynamics
between the linear rotor (O2 ) and asymmetric top (O3 ), since despite some similarities, no
anomalous fractionation has been observed in O2 .
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SECTION

2. SUMMARY AND CONCLUSIONS

Understanding the dynamics of the stabilization step in the formation of ozone in
the Chapman Cycle to get an insight into the “mass independent fractionation” of ozone
has been the focus of this research. Larger-than-expected concentrations of heavy isotopologues of ozone have been observed in the atmosphere which has been traced back to the
stabilization step in the cycle of formation of ozone. In this step, there is an energy transfer
mechanism from a metastable state of ozone to an inert collider, M. The efficiencies of
the collisional cooling for this step is considered approximately equal for different isotopologues. Understanding the relative efficiencies of this step with different isotopologues of
ozone can give an insight into the “ozone isotope anomaly”. In this study, argon atom is
chosen as the collision partner or third body, M. In order to study the complete dynamics
of this inelastic collision process, a fully flexible 6D PES is required.
The first part of this study focuses on constructing the PES for the complex. As an
initial step, the electronic structure of the O3 –Ar complex was required to be benchmarked.
Initially, a 3D PES was constructed–describing the interaction of ozone held at its equilibrium geometry with argon atom–at the CCSD(T)-F12b/CBS level of theory. But due to the
complexity of the electronic structure of ozone, a more flexible description was required
for distortions of the molecule. Thus, for constructing a flexible 6D PES, a multireference
MRCI-F12 based protocol was developed. A 3D PES was developed using this protocol
that closely matched the behavior of the CCSD(T)-F12b/CBS benchmark. Using these two
PESs the spectroscopy of the system was studied. The bound-states were computed for
J = 0, and for the lowest vibrational parent up to J = 6. The computed transition energies
and rotational constants were compared with microwave experiment results performed pre-
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viously. The agreement between the computed and experimental values of the transitional
frequencies and rotational constants were remarkably close and also validated the accuracy
of the PESs and the electronic structure theory benchmarked for the O3 –Ar complex. The
effect of isotopic substitution of O3 in the complex was also studied. The dynamics of
stabilization step are governed by symmetry and nuclear spin statistics of bosons. The
allowed rovibrational states for the 666 and its isotopologues 686, and 668 were determined
from symmetry analysis. As expected, there was roughly a doubling of the density of states
from 666 and 686 O3 –Ar to 668 O3 –Ar due to the reduced symmetry and mass related
changes.
The second part of this study focused on studying the dynamics of the energy transfer
mechanism. The process of inelastic collision of the O3 –Ar complex was studied. To study
the effect of isotopic substitution, the inelastic collisions of 666 and 668 O3 –Ar systems
were studied. The state-to-state probabilities from the ground rotational state to some low
lying excited states of the two systems were compared. The state-to-state cross-sections
of these states were also compared.The total rates were observed to be higher for the 668
over the 666 due to the newly allowed states of 668. This might be attributed to the small
changes in mass which leads to the formation of the favored isotopologue.
The stabilization step has been studied for the 3D system and this gives an insight
of the “ozone isotopic anomaly” but to understand this phenomenon in its entirety a study
of the fully flexible O3 –Ar complex is required. Future work will include opening up
the bend vibrational mode of ozone and study the 4D system. Collisional studies of the
more relevant higher lying states with the 3D system is another aspect of this study. But
constructing the 6D PES for this complex system and studying the dynamics would help
explain the stabilization step. This study combined with the study of the formation and
exchange step of the recombination process would explain the “ozone isotopic anomaly”
completely.

APPENDIX A.
SUPPORTING INFORMATION TO PAPER I: “DEVELOPMENT OF A
POTENTIAL ENERGY SURFACE FOR THE O3 –A R SYSTEM:
ROVIBRATIONAL STATES OF THE COMPLEX”
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Table S1 provides all geometric parameters, and energy, for each critical point of all
considered isotopologues of ozone. Table S2 shows the convergence test performed.

Table S1. Geometric parameters—and energy—for each critical point of all considered
isotopologues of ozone (MRCI O3 –Ar PESs). Vmin represents the energy at the bottom of
the well. Vbarrier represents the energy of the barrier—at the transition structure (TS)—
between the two equivalent wells. All distances are in Angströms, angles in degrees, and
energies in wave numbers.
686
666
668
3.301
3.295
3.290
110.02
110.15
110.01
90.00
90.00
88.01
-229.67
-229.70
-229.57
3.299
3.808
3.802
31.98
31.95
25.97
0.00
0.00
0.00
∗
∗
Vbarrier1 -146.77 (82.90 )
-146.77 (82.93 )
-146.75 (82.82∗ )
RT S2
3.299
3.808
3.845
θT S2
31.98
31.95
38.00
φT S2
180.00
180.00
180.0
Vbarrier2 -146.77 (82.90∗ )
-146.77 (82.93∗ )
-146.74 (82.83∗ )
∗ Energy with respect to the global minima of the PES.
Rmin
θ min
φmin
Vmin
RT S1
θT S1
φT S1

Table S2. Convergence test of sbasis sets using 8 packets for J = 0.
30-60
-163.004
-162.983
-134.958
-134.898
-131.238
-131.043
-124.368
-123.253

40-80
-163.004
-162.983
-134.958
-134.898
-131.238
-131.043
-124.368
-123.253

50-100
-163.004
-162.983
-134.958
-134.898
-131.238
-131.043
-124.368
-123.253

50-120
-163.004
-162.983
-134.958
-134.898
-131.238
-131.043
-124.368
-123.253

50-140
-163.004
-162.983
-134.958
-134.898
-131.238
-131.043
-124.368
-123.253

50-160
-163.004
-162.983
-134.958
-134.898
-131.238
-131.043
-124.368
-123.253
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Figure S1. R-optimized plot for the 686 O3 –Ar MRCI-PES. For each pair of angles the
energy is optimized with respect to the center-of-mass distance R.

Figure S2. R-optimized plot for the 668 O3 –Ar MRCI-PES. For each pair of angles the
energy is optimized with respect to the center-of-mass distance R.
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Studies of the 686 and 668 isotopologues were performed using the same PESs,
simply by applying the appropriate transformations of coordinates.
Compared to the parent system, the 686 ozone molecule has slightly different rotational constants and a larger total mass, but follows the same symmetry considerations
as described above for the 666 complex, and thus the same pattern of allowed states and
transitions.
Using the parameters given in Table 1 (in the main paper) and in Table S2, rovibrational calculations up to J = 6 were performed using the block improved relaxation method
in the MCTDH code package. The levels for the 686 and 668 O3 –Ar complexes were also
computed using the MCTDH approach.
Experimental measurements have not been reported for these isotopologues, but it
is safe to assume that accuracy of the calculated levels is similar to those of the parent 666
O3 –Ar complex.
The results for the 686 O3 –Ar isotope are given in Table S3 up to J = 6.

Table S3. J = 0–6 allowed rovibrational states for the 686 O3 –Ar isotope.
J=0
J=1
J=2
J=3
J=4
-164.6937 -164.5738 -164.3340 -163.9746 -163.4961
-164.2179 -163.9853 -163.6367 -163.1720
-164.2105 -163.9632 -163.5924 -163.0983
-162.9538 -162.5942 -162.1149
-162.9537 -162.5936 -162.1131
-160.8549 -160.3756
-160.8549 -160.3756
-157.9749
-157.9749

J=5
-162.8989
-162.5914
-162.4810
-161.5160
-161.5119
-159.7765
-159.7765
-157.3766
-157.3766
-154.2581
-154.2581

J=6
-162.1837
-161.8952
-161.7407
-160.7977
-160.7895
-159.0576
-159.0575
-156.6588
-156.6588
-153.5413
-153.5413
-149.7594
-149.7594
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Table S4. J = 0–6 allowed rovibrational states for the 668 O3 –Ar isotope.
J=0
J=1
J=2
-163.8855 -163.7657 -163.5261
-163.8666 -163.7468 -163.5072
-163.4430 -163.2112
-163.4351 -163.1924
-163.4241 -163.1875
-163.4162 -163.1686
-162.2195
-162.2193
-162.2008
-162.2007

J=3
-163.1671
-163.1482
-162.8637
-162.8448
-162.8162
-162.7974
-161.8602
-161.8595
-161.8415
-161.8408
-160.2270
-160.2270
-160.2086
-160.2086

J=4
-162.6893
-162.6703
-162.4006
-162.3816
-162.3214
-162.3026
-161.3813
-161.3791
-161.3626
-161.3604
-159.7481
-159.7481
-159.7296
-159.7296
-157.4619
-157.4619
-157.4438
-157.4438

J=5
-162.0931
-162.0741
-161.8221
-161.8030
-161.7034
-161.6845
-160.7830
-160.7780
-160.7642
-160.7592
-159.1494
-159.1494
-159.1310
-159.1309
-156.8641
-156.8641
-156.8460
-156.8460
-153.9245
-153.9245
-153.9069
-153.9069

J=6
-161.3794
-161.3603
-161.1283
-161.1092
-160.9623
-160.9434
-160.0654
-160.0554
-160.0466
-160.0367
-158.4311
-158.4310
-158.4126
-158.4125
-156.1468
-156.1468
-156.1287
-156.1287
-153.2084
-153.2084
-153.1907
-153.1907
-149.6151
-149.6151
-149.5981
-149.5981

The results for the 668 O3 –Ar isotope is given in Table S4 up to J = 6. As expected,
there is roughly double the density of rovibrational states observable in asymmetric ozone
compared with symmetric ozone, mainly due to considerations of symmetry and nuclear
spin-statistics.
Due to breaking the symmetry (the two end-O-atoms are distinguishable), the symmetry number of 668 O3 is reduced to one, and all of the computed states of the complex
are allowed. Considering also the slight increase in system mass, this amounts to slightly
more than doubling the density of states which strongly influence inelastic scattering crosssections which are often approximated by exponential gap based models.
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The results for the allowed rovibrational states of 666 O3 –Ar for the CCSD(T)/MRCI
PES are given in Tables S5/S6 for J = 0–6.
Table S5. J = 0–6 allowed rovibrational states for the CCSD(T)-F12b PES.
J=0
J=1
J=2
J=3
J=4
-162.6898 -162.5684 -162.3256 -161.9617 -161.4775
-162.2107 -161.9755 -161.6225 -161.1527
-162.2030 -161.9525 -161.5768 -161.0764
-160.9370 -160.5728 -160.0878
-160.9369 -160.5722 -160.0859
-158.8231 -158.3380
-158.8231 -158.3380
-155.9222
-155.9222

J=5
-160.8732
-160.5655
-160.4511
-159.4815
-159.4772
-157.7315
-157.7315
-155.3166
-155.3166
-152.1790
-152.1790

J=6
-160.1494
-159.8612
-159.7013
-158.7545
-158.7458
-157.0038
-157.0037
-154.5900
-154.5900
-151.4535
-151.4535
-147.6479
-147.6479

Table S6. J = 0–6 allowed rovibrational states for the scaled MRCI-PES.
J=0
J=1
J=2
J=3
J=4
-163.6618 -163.5398 -163.2960 -162.9307 -162.4443
-163.1754 -162.9392 -162.5851 -162.1131
-163.1677 -162.9161 -162.5389 -162.0361
-161.9067 -161.5412 -161.0539
-161.9066 -161.5405 -161.0520
-159.7843 -159.2970
-159.7843 -159.2970
-156.8866
-156.8866

J=5
-161.8374
-161.5235
-161.4080
-160.4451
-160.4407
-158.6880
-158.6879
-156.2784
-156.2784
-153.1333
-153.1333

J=6
-161.1106
-160.8163
-160.6549
-159.7149
-159.7061
-157.9571
-157.9570
-155.5487
-155.5487
-152.4048
-152.4048
-148.6037
-148.6037

APPENDIX B.
SUPPORTING INFORMATION TO PAPER II: “ROTATIONALLY
INELASTIC SCATTERING OF O3 –AR: STATE-TO-STATE RATES
WITH THE MULTICONFIGURATIONAL TIME DEPENDENT
HARTREE METHOD”
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Figure S1 shows the population for Jtot =25 as a function of time with 40 SPF basis
for 666 and 668 O3 –Ar systems. Left figure represents the population for the 16 O16 O16 O–Ar
and right figure represents that of 16 O16 O18 O–Ar.

Figure S1. For Jtot =25, natural population of the SPF as a function of time for 16 O16 O16 O–
Ar on the left and 16 O16 O18 O–Ar on the right.

Propagations were performed for Jtot =[0–5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60,
70, 80, 90, 100, 120, 140, 160, 180, 200]. For values of Jtot less than 10, the smallest
population was consistently below 10−4 , while for larger values of Jtot , it remained below
10−5 . Another test for convergence of the SPF basis was performed by further increasing
the SPF basis for the calculation of a Jtot in the lower energy region and checking the
convergence of the probabilities of the transitions. Following the propagations, analysis
was performed to obtain the state-to-state probabilities using the Tannor and Weeks method
(deemed to be more accurate for the low energies in this application than the alternative
flux-based approach). Results for intermediate values of Jtot were estimated by interpolation
of the computed transition probabilities.
The close correspondence of the computed and interpolated transition probabilities
for some of the transitions for different Jtot are represented in Figures S2–S6 for the two
systems.

87
Figure S2 represents the close correspondence of the computed and interpolated
transition probabilities for Jtot for a 000 → 111 transition for the two isotopologues. Figure S3 represents the close correspondence of the computed and interpolated transition
probabilities for Jtot for a 000 → 202 transition for the two isotopologues.

Figure S2. Comparison of the calculated and interpolated transition probability for different
values of Jtot for a 000 → 111 transition for 666 (left) and 668 (right) O3 –Ar.

Figure S3. Comparison of the calculated and interpolated transition probability for different
values of Jtot for a 000 → 202 transition for 666 (left) and 668 (right) O3 –Ar.
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Figure S4 represents the close correspondence of the computed and interpolated
transition probabilities for Jtot for a 000 → 322 transition for the two isotopologues. Figure S5 represents the close correspondence of the computed and interpolated transition
probabilities for Jtot for a 000 → 404 transition for the two isotopologues.

Figure S4. Comparison of the calculated and interpolated transition probability for different
values of Jtot for a 000 → 322 transition for 666 (left) and 668 (right) O3 –Ar.

Figure S5. Comparison of the calculated and interpolated transition probability for different
values of Jtot for a 000 → 404 transition for 666 (left) and 668 (right) O3 –Ar.
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Figure S6 represents the close correspondence of the computed and interpolated
transition probabilities for Jtot for a 000 → 515 transition for the two isotopologues.

Figure S6. Comparison of the calculated and interpolated transition probability for different
values of Jtot for a 000 → 515 transition for 666 (left) and 668 (right) O3 –Ar.
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